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Chapter 1 
 
Introduction 
 
Stereotyped motor behavior is traditionally defined as rhythmic, repetitive, invariant movement. 
It occurs in a vast number of species ranging from invertebrates such as worms and insects to vertebrates 
such as birds and mammals – including humans (Berman, Choi, Bialek, & Shaevitz, 2014; Garner, 
Mason, & Smith, 2003; Mark Lewis & Kim, 2009; Stephens, Bueno de Mesquita, Ryu, & Bialek, 2011; 
Thelen, 1979). Despite its ubiquity, there is a conflict surrounding the phenomenon of motor stereotypy. 
It can be adaptive, as it is in healthy human infants, where it is a transitional state in motor development. 
It can also be maladaptive, as it is in a variety of neurodevelopmental, neuropsychiatric and neurologic 
disorders, where it interferes with goal-directed behavior. Research on motor stereotypy and the 
conceptual and neurobiological models aimed at understanding its genesis focus on either the adaptive or 
the maladaptive aspects of the behavior. Currently, there is no framework that accounts for both 
manifestations. Here we present a mechanistic framework that accounts for both the adaptive and 
maladaptive presentation of motor stereotypy. 
 
1.1 Stereotypy as a transitional state in healthy motor development 
 
Stereotyped motor behaviors occur in early infancy as a transitional state of motor development. 
Thelen (1979) observed that simple, repetitive behaviors including arm waving and body rocking 
preceded complex motor behaviors – goal-directed reaching and crawling, respectively – that involved the 
use of the same body segments. In a study of infant repetitive kicking, Thelen and Fisher (1983b) 
measured electromyography and joint-angle rotation in infants’ legs. At around one month of age, kicks 
were characterized by tight temporal and spatial synchrony of the hip, knee, and ankle joints and a 
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simultaneous contraction of antagonistic muscle groups during the flexion phase followed by passive 
movement during the extension phase. Similar muscle activation and joint angle relationships occur 
during supported stepping in one month old infants (Thelen & Cooke, 1987). By two months of age, the 
ankle rotation is less correlated with the knee and hip joints, eventually reaching an adult-like negative 
correlation by the time infants are walking independently. Additionally, complex, phasic muscle 
activation replaces simple, tonic co-contraction of the muscles.  
A similar transition occurs in the arm when infants are learning how to reach for a toy. Before they 
are able to execute controlled, accurate reaches, infants generate repetitive arm movements with patterns 
of motor activity that are inefficient relative to the dynamic physical properties of the arm and the goal of 
reaching the toy (Konczak, Borutta, Topka, & Dichgans, 1995; Thelen et al., 1993). Using these 
inefficient reach approximations as a starting point, infants explore the dynamics of their arms through 
adjusting the amplitude and timing of muscle activation, ultimately allowing them to generate more 
accurate and efficient reaches with muscle activation patterns that more closely resemble adult-like 
patterns. These findings demonstrate that simple, stereotyped motor behavior in infants is the foundation 
on which complex, functional behavior is built. However, this adaptive view of motor stereotypy does not 
account for stereotyped behavior in clinical conditions. 
 
1.2 Stereotypy in developmental, neurologic, and psychiatric disorders 
 
Stereotyped motor behavior is present in a variety of developmental, neurologic and psychiatric 
disorders including fronto-temportal dementia (Mendez, Shapira, & Miller, 2005), schizophrenia 
(Morrens, Hulstijn, Lewi, De Hert, & Sabbe, 2006), and neurodevelopmental disorders (NDD), including 
autism spectrum disorder (ASD; American Psychatric Association, 2013; Goldman et al., 2009). It can be 
induced in animals via lesions (e.g., ventromedial thalamic nucleus (Zainos, DeAnda, Chavez, & Garcia-
Munoz, 1984), nigrostriatal dopamine projections (Simola, Morelli, & Carta, 2007)), pharmacological 
agents, genetic manipulations, or barren cage environments (M Lewis, Tanimura, Lee, & Bodfish, 2007; 
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Peça et al., 2011; Stearns et al., 2007). In clinical populations, motor stereotypy is considered abnormal, 
maladaptive, and apparently purposeless (Cooper & Dourish, 1990) as it is not goal-directed. Unlike in 
normative development, stereotypy in disease states poses a functional impairment by interfering with 
complex, adaptive behavior. For example, stereotypy in individuals with ASD has been shown to interfere 
with play (Koegel, Firestone, Kramme, & Dunlap, 1974) and learning (Koegel & Covert, 1972; K. 
Morrison & Rosales-Ruiz, 1997).  
Because motor stereotypy is highly prevalent in disease, it is often indicative of neural pathology. 
It is primarily associated with deficits in cortico-striatal-thalamic circuitry. Parkinson’s disease patients 
have degeneration of dopaminergic medium spiny neurons that project to the striatum (Braak & Del 
Tredici, 2008). Lesioning these dopaminergic projections in animals recapitulates many symptoms of 
Parkinson’s disease including tremor and levadopa induced dyskinesia (Simola et al., 2007). Additionally, 
injecting dopamine agonists into the striatum induces stereotypy in rodents (Delfs & Kelley, 1990; 
Kelley, Lang, & Gauthier, 1988). Animal studies of autism associated genes (Peça et al., 2011; Stearns et 
al., 2007) and cage-induced stereotypy (Presti & Lewis, 2005; Tanimura, Yang, Ottens, & Lewis, 2010) 
also implicate alterations of basal ganglia circuitry in the phenomenology of stereotyped motor behavior. 
However, neurologic disorder or insult does not account for motor stereotypy in healthy infant 
development. 
 
1.3 A coherent framework for stereotypy in typical and atypical development 
 
Hypothesis: poor sensorimotor integration results in low motor complexity leading to the presence of 
stereotyped behavior in both normative development and disease states.  
Motor complexity provides an adaptive advantage for interacting with the environment since 
higher complexity permits more flexibility in motor output. This is based on Bernstein’s (1967) concept 
of skill as a reflection of mastering redundant degrees of freedom in motor learning. He posited that the 
body is composed of multiple biomechanical degrees of freedom that can be utilized in several ways to 
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achieve the same goal. Motor control is contingent on the ability to use these degrees of freedom to 
flexibly interact with the environment. In normative development, when the motor system is immature or 
in a state of early motor learning, the system constrains the degrees of freedom to gain some control and 
produce stable movements for a given task. This results in simple movements such as the repetitive 
kicking that Thelen and Fisher (1983b) observed. As the motor system matures or learning progresses, 
degrees of freedom are released to permit greater specificity and efficiency of movement. This is 
supported by findings that higher motor complexity is associated with more accurate motor task 
performance (Deutsch & Newell, 2001; M. W. Mosconi et al., 2015).  
Our model elaborates on Bernstein’s (1967) postulate by emphasizing an important role of 
sensorimotor integration in the ability to release biomechanical degrees of freedom to produce controlled, 
complex movements. Sensorimotor integration involves communication between the sensory and motor 
systems in the brain allowing for a) the use of sensory input to generate an accurate and efficient motor 
plan (e.g., through an inverse model) and b) the use of self-generated and external sensory feedback to 
monitor and correct error in the movement (e.g., updating the forward model in the ongoing movement or 
for future movements; see (Wolpert, Miall, & Kawato, 1998) for a description of these processes in the 
cerebellum). Under our framework, sensory input allows the motor system to plan and execute accurate 
movements by making optimal use of the available degrees of freedom and to correct error in the 
movement by exploiting the available degrees of freedom to make adjustments that are appropriate to the 
error.  
In the case of stereotyped behavior in healthy infants, our model suggests that the infant brain 
does not efficiently integrate sensory information with the motor system because either the sensory and 
motor regions of the brain are immature, or the infant has limited experience with or access to sensory 
information (e.g., due to immobility). Poor sensorimotor integration prevents the infant from using his/her 
degrees of freedom flexibly and efficiently, limiting his movements to simple, stereotyped behaviors. 
With maturity, the infant is able to integrate sensory information with motor behavior permitting him to 
release degrees of freedom to produce complex movements. 
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Similarly, our model posits that deficits in sensorimotor integration contribute to the emergence 
and maintenance of stereotyped behavior in clinical disorders. Whether it is caused by atypical 
development of sensorimotor circuitry, degenerative processes, or another form of altered neural function, 
these alterations could contribute to the persistence of stereotyped behavior by disrupting the sensory 
inputs that are required to inform and diversify motor repertoires. 
 
1.4 Neural circuitry supporting sensory influence on motor function 
 
The role of sensorimotor integration in motor control and complexity is consistent with the 
structural and functional connectivity of sensorimotor neural circuitry. While this sensorimotor 
connectivity occurs in several brain regions involved in motor control, including cortex, basal ganglia 
(Flaherty & Graybiel, 1994), and cerebellum (Proville et al., 2014; Wiestler, McGonigle, & Diedrichsen, 
2011), we will describe the cortical reach pathway, depicted in Figure 1, as it is a well-studied example 
of this phenomenon.  
Visual information from prestriate (V2) and extrastriate (V3, V3a, MT/MST) cortices (Colby, 
Gattass, Olson, & Gross, 1988; J. W. Lewis & Van Essen, 2000; Maunsell & van Essen, 1983) and 
somatosensory information from primary (SI) and secondary (SII) somatosensory cortices  (Cipolloni & 
Pandya, 1999; Jones & Powell, 1969; Pandya & Seltzer, 1982) projects to sensorimotor regions including 
the lateral (LIP), ventral (VIP), and medial (MIP) intraparietal areas and Brodmann’s area 5. SI and SII 
also project to frontal regions including primary motor cortex (M1), and supplementary motor area 
(SMA; Cipolloni and Pandya, 1999; Jones and Powell, 1969; Pandya and Seltzer, 1982). The intraparietal 
areas are interconnected (Blatt, Andersen, & Stoner, 1990; J. W. Lewis & Van Essen, 2000) , and 
represent target, eye, and limb position in various reference frames (Bremner & Andersen, 2012; 
Brotchie, Andersen, Snyder, & Goodman, 1995; Duhamel, Bremmer, BenHamed, & Graf, 1997; Ferraina 
& Bianchi, 1994; Gnadt & Andersen, 1988; Johnson, Ferraina, Bianchi, & Caminiti, 1996; Pesaran, 
Nelson, & Andersen, 2006). 
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The sensorimotor areas project to frontal motor regions including dorsal premotor cortex (PMd), 
SMA, and M1 (Johnson et al., 1996; Jones, Coulter, & Hendry, 1978; Jones & Powell, 1970; Jürgens, 
1984; Pandya & Kuypers, 1969; Petrides & Pandya, 1984; Strick & Kim, 1978), which are active during 
motor planning (Alexander & Crutcher, 1990; Pesaran et al., 2006) and execution (Johnson et al., 1996). 
The motor cortices send the motor command to the body and to sensory and sensorimotor cortices to 
inform the sensorimotor system of the expected sensory consequences of the movement and monitor 
movement accuracy (Christensen et al., 2007; Desmurget & Grafton, 2000; Haggard & Whitford, 2004; 
MacDonald & Paus, 2003; Mulliken, Musallam, & Andersen, 2008; Nelson, 1996).  
Additional studies of the functional role of sensorimotor connectivity indicate that visual 
Figure 1: An example of sensorimotor circuitry: the reach pathway. Blue indicates 
regions that are primarily responsive to sensory stimulation. Green indicates regions that 
have sensory and motor responses, and yellow indicates regions that have primarily motor 
related activity. There is a tendency in the sensory and sensorimotor areas for regions 
near the top of the figure to represent visual information and the regions near the bottom to 
represent somatosensory information. Abbreviations: middle temporal area (MT), medial 
superior temporal area (MST), primary visual cortex (V1), secondary visual cortex (V2), 
visual area 3a (V3a), parieto-occipital area (PO), primary somatosensory cortex (SI), 
secondary somatosensory cortex (SII), lateral intraparietal cortex (LIP), medial intraparietal 
cortex (MIP), ventral intraparietal cortex (VIP), dorsal premotor cortex (PMd), primary 
motor cortex (MI), supplementary motor area (SMA). 
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information influences the neural activity of an ongoing motor pattern (Archambault, Caminiti, & 
Battaglia-Mayer, 2009; Mulliken et al., 2008); voluntary movement induces activation in SI that is 
associated with PMC activity when proprioceptive input is blocked (Christensen et al., 2007), and the 
deactivation of the superior parietal lobule impairs the perception of visual-motor congruency for self-
generated but not passive movements (MacDonald & Paus, 2003). 
Our model suggests that poor functional integration in this circuitry may influence both the 
emergence of motor stereotypy in early typical development and its persistence in NDDs.  
 
1.5 Motor complexity in typical development 
 
In addition to Thelen and colleagues’ studies in typical infants, the development of motor 
complexity has been studied in other contexts. When infants are first learning to sit and can support their 
posture only briefly, their motor profile, as measured via center-of-pressure, is less complex than it is a 
few months later, when they are able to support their posture for extended periods of time (Harbourne & 
Stergiou, 2003). Similarly, the center-of-pressure profiles of young children while standing still are less 
complex than those of school-age children or young adults (Newell, 1998). A developmental pattern is 
also observed in the force exertion profiles for isometric grip force tasks (Deutsch & Newell, 2001, 2002, 
2003; Smits-Engelsman, Westenberg, & Duysens, 2003) and the temporal structure of gait (Hausdorff, 
Zemany, Peng, & Goldberger, 1999) such that young children have less complex motor profiles than 
older children or adults. These findings demonstrate that motor complexity increases over the course of 
normative development. 
 
1.6 Sensory influence on motor complexity in typical development 
 
In keeping with the proposed model, there is evidence that sensory feedback can influence 
developmental changes in motor complexity. Thelen (1980) found that rates of stereotyped movements 
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were inversely related to the amount of vestibular input (rocking, bouncing, swinging, etc.) provided by 
caregivers, and stereotypy persisted later in infants who received less vestibular input. The frequency of 
stereotypy also increased when movement was restricted (e.g., the infant was in a playpen, walker, or 
chair) compared to when the infant was allowed to move freely. Additionally, in pre-ambulatory infants, 
the rotation of the hip, knee, and ankle become less coupled and resemble mature ambulation if the 
infants are supported while stepping on a treadmill (Thelen, 1986). The pull of the treadmill on the 
infants’ rear legs elicits stepping movements with more complex joint-angle relationships than the infants 
are able to generate independently at that stage. 
Other paradigms have also elucidated developmental changes in motor complexity that depend on 
the sensory context. The double-step reaching task requires participants to reach to a visual target (Hyde 
& Wilson, 2013; Ruddock et al., 2015; Van Braeckel, Butcher, Geuze, Stremmelaar, & Bouma, 2007; 
Wilson & Hyde, 2013). On most of the trials, the target remains stationary, but on a subset of the trials, 
the target shifts mid-reach to a new location. This requires the participant to use continuous visual and 
proprioceptive feedback to efficiently alter the movement trajectory to accurately touch the target. 
Younger children are less efficient in correcting their movements when the target shifts than older 
children or adults. This developmental pattern is maintained when controlling for variables that measure 
motor planning and execution independently of the stimulus condition (e.g., reaction time, time to peak 
velocity).  
Using a quantitative assessment of motor complexity, Deutsch and Newell (2001, 2002, 2003) 
measured approximate entropy and power spectral frequency of the force output during an isometric force 
task in children and adults. They found age-related increases in approximate entropy and frequency 
representation when the participants were provided with visual feedback of their force exertion. However, 
when visual feedback was removed, all age groups displayed relatively low complexity. These findings 
were replicated in a postural sway task (Newell, 1998), further supporting the contributions of age and 
sensory feedback to motor complexity. 
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1.7 Motor complexity in neural pathology 
 
Motor complexity is atypical in several neurologic disorders that present with stereotypy 
(Bodfish, Parker, Lewis, Sprague, & Newell, 2001; Hong, Bodfish, & Newell, 2006a; Kent et al., 2012; 
Newell & Bodfish, 2007; Newell, Incledon, Bodfish, & Sprague, 1999; Sprague & Newell, 1996). Here, 
we will focus on the relation of motor complexity to stereotypy in NDDs. Most of this work has focused 
on adults with stereotyped body rocking (Bodfish et al., 2001; Hong et al., 2006a; Newell & Bodfish, 
2007; Newell et al., 1999). Newell et al. (1999) analyzed the position time series of joint position during 
body rocking using approximate entropy. Individuals with stereotyped body rocking had less complex 
joint position profiles than typically developing individuals. Similarly, individuals with stereotyped body-
rocking displayed lower complexity in their center-of-pressure profiles than typically developing 
individuals when they were sitting still (Hong et al., 2006a; Newell & Bodfish, 2007) or standing still 
(Bodfish et al., 2001) on a force platform. When participants engaged in body rocking, the typically 
developing participants reduced their motor complexity to the level of the individuals with stereotyped 
body rocking; whereas, the participants with stereotyped body rocking displayed low complexity in both 
conditions (Hong et al., 2006a; Newell & Bodfish, 2007). These studies indicate that motor stereotypy is 
a manifestation of low motor complexity. 
Consistent with these findings, Mosconi and colleagues (2015) observed that individuals with 
ASD (ages 5-35 years), had lower approximate entropy of sustained grip force, relative to age-matched, 
typically developing individuals. They also found a trend for typically developing individuals to show a 
greater age-related increase in motor complexity than individuals with ASD indicating that individuals 
with ASD have an abnormal developmental trajectory of motor complexity.  
 
1.8 Sensorimotor integration in developmental, neurologic, and psychiatric disorders 
 
Many neurologic and psychiatric disorders that present with stereotypy have known sensorimotor 
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deficits (Lencer et al., 2010; S. L. Morris et al., 2015a; Nebel et al., 2015; Quednow et al., 2008; Takarae, 
Minshew, Luna, Krisky, & Sweeney, 2004; Z. Wang et al., 2015). Unfortunately, sensory abnormalities, 
motor deficits, and stereotyped behaviors in these disorders have largely been studied in isolation and 
without regard for how they may relate to one another.  
In ASD, for example, stereotyped behavior is diagnostic (American Psychatric Association, 
2013), but motor deficits (Duffield et al., 2013; Mostofsky et al., 2006) and unusual sensory behaviors 
(Kirby, Dickie, & Baranek, 2015; Kwakye, Foss-Feig, Cascio, Stone, & Wallace, 2011; Stewart et al., 
2016) are also highly prevalent and are some of the earliest symptoms (Sacrey, Bennett, & Zwaigenbaum, 
2015). Few studies have found associations between stereotyped behavior and sensory, motor, or 
sensorimotor abnormalities (Boyd et al., 2010; Boyd, McBee, Holtzclaw, Baranek, & Bodfish, 2009) 
underscoring the need for additional research exploring the relation between these symptom domains. 
Stereotyped behavior in ASD emerges in infancy as it does in typical development (Kim & Lord, 2010; 
Thelen, 1979), but unlike in typical development, stereotypy persists in individuals with ASD. While the 
literature in NDDs, including ASD supports the link between reduced motor complexity and the presence 
of motor stereotypy, there are currently no studies that assess the effect of sensory feedback on motor 
complexity in individuals with ASD or related NDDs. Given the importance of sensory feedback for 
motor complexity in typical development, we hypothesize that reduced motor complexity in individuals 
with ASD and related NDDs results from poor sensorimotor integration. However, additional research is 
needed to explore this hypothesis. 
 
1.9 Conclusions 
 
Traditionally, motor stereotypy has been studied from two distinct perspectives: it can serve a 
functional role, as in normative development where it provides a foundation for the development of goal-
directed behavior, or it can be maladaptive, as in neurologic and psychiatric disorders where it interferes 
with functional behavior. At present, there is no unifying framework to explain these two manifestations 
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of motor stereotypy. We have introduced a model arguing that both healthy and pathologic forms of 
motor stereotypy manifest when motor complexity is low as a result of poor sensorimotor integration. 
This model is consistent with the established structure of sensorimotor neural circuitry. Support for this 
model comes from existing studies of stereotypy in typical development and NDDs that demonstrate a 
relation between stereotypy and motor complexity, as well as studies demonstrating the importance of 
sensory feedback for developmental increases in motor complexity in typical development.  
There are several critical gaps in the research relating to early identification, treatment, and 
etiology of conditions associated with stereotypy that can be considered in relation to the proposed model: 
1. Early Risk Markers: 
Diagnosing children with pathologic conditions that present with stereotypy often is not 
possible until after symptoms manifest; however, under our model, careful tracking 
of the development of motor complexity may be used to determine when at-risk 
infants veer from the normative trajectory. Early identification of at-risk infants 
permits earlier treatment interventions, which could prevent or minimize the 
expression of stereotypy in these individuals.  
2. Early Intervention: 
If our model is accurate, interventions could aim to enhance motor complexity, for 
example by engagement with sensorimotor activities that require the child to vary 
his/her motor patterns. Treatment interventions that have enriched the home 
environments through exposure to various sensory and motor activities or have 
reinforced variability in behavior have successfully reduced repetitive behaviors in 
children with ASD (Boyd, McDonough, Rupp, Khan, & Bodfish, 2011; Woo, 
Donnelly, Steinberg-Epstein, & Leon, 2015; Woo & Leon, 2013). Importantly, these 
studies did not test whether decreased stereotypy was mediated by increased motor 
complexity, but this should be explored in future studies.  
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3. Pathogenesis: 
Motor complexity and sensorimotor integration can be examined reliably in clinical 
populations and in animal models. Adapting tasks used to assess the influence of 
sensory feedback on motor complexity in typical development (e.g., Deutsch and 
Newell, 2001, 2002, 2003) for use in individuals with ASD or other NDDs would 
provide additional support for our conceptual framework, while the use of animal 
models provides a means for studying the etiology of stereotypy and the effect of 
sensory feedback on motor complexity at levels of behavioral, neuronal, and 
molecular analysis that are inaccessible in humans. 
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Chapter 2 
 
Visual feedback during motor performance is associated with increased complexity and 
adaptability of motor and neural output 
 
2.1 Introduction 
 
Stereotyped behavior is rhythmic, repetitive behavior that shows little variation in form and is 
often considered maladaptive and atypical (Cooper & Dourish, 1990) due to its high prevalence in 
disorders including schizophrenia (Morrens et al., 2006), fronto-temporal dementia (Mendez et al., 2005), 
and neurodevelopmental conditions such as autism spectrum disorder (ASD; American Psychatric 
Association, 2013; Goldman et al., 2009). Stereotyped behavior also occurs in healthy human infants, 
however, indicating that it is not always associated with atypical development or pathology (Thelen, 
1979). Unlike in pathologic conditions where stereotyped behavior can persist throughout life, in healthy 
infants, stereotyped movements (e.g., repetitive arm waving and kicking) are replaced by complex, goal-
directed movements (e.g., reaching and locomotion, respectively). Normative stereotyped movements are 
believed, therefore, to serve as a foundation on which complex motor behavior is built (Konczak et al., 
1995; Thelen & Cooke, 1987; Thelen & Fisher, 1983b, 1983a).  
Studies of stereotypy have been conducted in either non-clinical or clinical populations based, 
presumably, on the assumption that these are distinct phenomena with distinct underlying mechanisms 
that contribute to their expression. Less research has considered that stereotyped behavior in different 
populations reflects a shared underlying mechanism (Shafer, Newell, Lewis, & Bodfish, 2017). In the 
present study, we explored the role that one such mechanism – sensorimotor integration – may play in the 
expression of stereotyped motor behavior. This study is based on previous findings that limiting the 
integration of sensory input with motor output reduces the complexity and adaptability of motor output 
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such that movements become less complex and more stereotyped.  
Previous studies in healthy infants have found that infants display stereotyped motor behavior 
when their sensory and motor neural circuitry is immature and they have had limited sensory and motor 
experiences (Konczak et al., 1995; Thelen, 1979, 1980, 1986; Thelen et al., 1993). With experience and 
maturation, the stereotyped behavior is replaced by complex motor behavior that allows infants to interact 
adaptively and flexibly in the environment. Bernstein (1967) posited that motor control emerges through 
mastering the body’s abundant biomechanical degrees of freedom. In early stages of motor learning in 
normative development, the motor system constrains these degrees of freedom in order to exert control 
over them and produce stable movements, such as the stereotyped movements that are present in healthy 
infants described by Thelen (1979). As the motor system matures or the individual gains experience, 
biomechanical degrees of freedom are released, permitting the individual to use his/her body more 
flexibly to enhance the specificity and efficiency of movement. This transition from stereotyped to 
complex motor patterns has been associated with infants’ sensory environments. For example, infants 
who receive more sensory input from caregivers (e.g., rocking, swinging, bouncing) and infants who have 
more opportunities to explore their environments display lower rates of stereotyped behavior (Thelen, 
1980). The infant’s sensory environment can also induce more complex, adult-like patterns of movement 
than the infant is able to elicit spontaneously (Thelen, 1986). These findings suggest an important role of 
sensory input on the complexity and adaptability of infants’ motor output. A recent longitudinal study in 
healthy infants revealed that neural complexity (measured at rest) increases over the age range (2-12mos.) 
that Thelen (1979) observed the transition from stereotyped to complex movements (Hasegawa et al., 
2018). This finding indicates that the behavioral transition occurs in parallel with the development of 
greater neural integration. 
Studies in animals have demonstrated that atypical sensory conditions such as barren cage 
environments can induce stereotyped patterns of behavior in otherwise healthy animals, and rates of 
stereotypy can be decreased or prevented by rearing animals in enriched cage environments that have a 
diversity of opportunities for sensorimotor experience (Bechard, Bliznyuk, & Lewis, 2017; Bechard, 
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Cacodcar, King, & Lewis, 2016; Campbell, Dallaire, & Mason, 2013; Meehan, Garner, & Mench, 2004; 
Muehlmann et al., 2012). Similar observations have occurred in human populations. Children who grew 
up in the impoverished environment of orphanages in Romania show high rates of stereotyped behavior 
and exhibit several other behaviors that resemble features of autism (Bos, Zeanah, Smyke, Fox, & Nelson, 
2010; Levin, Fox, Zeanah, & Nelson, 2015). When these children were placed in more enriched homes 
(adoption or foster care), their rates of stereotyped behavior decreased. These studies indicate that 
stereotyped behavior can be induced (beyond infancy) in otherwise healthy individuals by manipulating 
the availability and integrity of the sensory environment.  
In keeping with these findings, stereotypy may occur in several clinical disorders because these 
disorders present with deficits in sensorimotor integration. For example, schizophrenia, autism spectrum 
disorders, and other neurodevelopmental disorders, which are commonly associated with stereotyped 
behavior have been shown behaviorally and neurophysiologically to have deficits in sensorimotor 
integration (American Psychatric Association, 2013; Goldman et al., 2009; Lencer et al., 2010; Morrens 
et al., 2006; S. L. Morris et al., 2015b; Nebel et al., 2015; Quednow et al., 2008; Takarae et al., 2004; D. 
J. J. Wang et al., 2018). A few studies in autism have specifically found an association between 
stereotypy and sensory, motor, or sensorimotor abnormalities (Boyd et al., 2010, 2009). Interventions that 
targeted sensory integration and engagement with environmental stimuli have successfully reduced 
symptom severity in individuals with autism; however these studies did not specifically evaluate the 
effects on stereotyped behavior (Woo et al., 2015; Woo & Leon, 2013).  
The sensorimotor integration model of stereotypy would predict that withholding access to 
sensory feedback or reducing the integrity of sensory feedback during a motor task in healthy individuals 
would result in transient reductions on neural complexity consistent with reduced complexity of the motor 
output. This prediction is supported by findings in healthy individuals of increased neural coherence 
between sensory and motor regions when feedback is provided during a motor task compared to when it 
is not (Lin, Shaw, Young, Lin, & Jung, 2012; Papadelis et al., 2016). Complexity of the neural signal has 
been shown to be positively associated with functional connectivity (D. J. J. Wang et al., 2018). Altered 
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sensorimotor integration is commonly observed in clinical populations that present with stereotyped 
behavior. Specifically, individuals with autism and schizophrenia have reduced functional connectivity in 
sensorimotor networks (X. Chen et al., 2015; Kaufmann et al., 2015; Nair, Treiber, Shukla, Shih, & 
Müller, 2013; Nebel et al., 2015). Studies have also found evidence that individuals with autism, infants 
at risk for developing autism, and individuals with schizophrenia have reduced complexity of the neural 
signal relative to healthy individuals (Bosl, Tierney, Tager-Flusberg, & Nelson, 2011; Catarino, 
Churches, Baron-Cohen, Andrade, & Ring, 2011; Kotini & Anninos, 2002; Lee et al., 2001; Liu et al., 
2017a; Sabeti, Katebi, & Boostani, 2009), though findings are mixed (Fernández, Gómez, Hornero, & 
López-Ibor, 2013; Takahashi et al., 2016), and these studies did not specifically relate these neural 
complexity differences to sensorimotor processing.   
While previous studies suggest that stereotyped behavior is associated with sensorimotor 
integration, to date, there have been no studies that provide an empirical test of the sensorimotor 
integration model of stereotypy in healthy, typically developing adults and no studies in either clinical or 
nonclinical populations that have examined this model using simultaneous measurement of behavioral 
and neural function. In the present study, we aim to assess whether access to feedback influences 
sensorimotor integration and whether this relates to the complexity of motor output in typically 
developing adults. Specifically, we are testing whether reliable sensorimotor integration (through the 
availability and use of sensory feedback) permits greater complexity and adaptability of the neural and 
motor output, and conversely, whether poor sensorimotor integration (lack of access to – and, therefore, a 
lack of reliance on – sensory feedback) limits the adaptability of the neural and motor output resulting in 
low complexity, more stereotyped patterns of movement in healthy individuals.  
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2.2 Methods 
 
2.2.1 Participants 
 
Participants included 18 healthy, right-handed adults (10 females, 8 males) between the ages of 
18 and 34 years (mean: 25.6 ± 4.9 years) with normal or corrected to normal vision. All participants were 
recruited from the Vanderbilt University and Vanderbilt University Medical Center communities and 
gave written informed consent to participate. This study was approved by the Vanderbilt University 
Institutional Review Board.  
 
2.2.2 Equipment 
 
Task stimuli were presented on a 24-inch high-definition (1920 x 1080 pixels) LCD computer 
monitor (ASUS VG248) from a PC (LG Electronics, Inc.) with 32GB of RAM at 4GHz. This PC is 
equipped with a NVIDIA GeForce GTX 770 graphics card and a dual monitor display. Participants used a 
wireless LED computer mouse to control the onscreen cursor during the sensorimotor task (described 
below). The sensorimotor task program was custom script programmed in MATLAB (The MathWorks, 
Inc., Natick, Massachusetts) using the Psychophysics Toolbox (Brainard, 1997; Kleiner, Brainard, & 
Pelli, 2007; Pelli, 1997).  
EEG data were collected using 128-electrode Electrical Geodisics, Inc (EGI) HydroCel Sensor 
Nets through EGI Net Station v.5 software on a Macintosh computer. The electrodes in the HydroCel 
Nets use a mild saline and shampoo solution. Electrodes are embedded in soft sponges and housed in 
pedestals.  
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2.2.3 Sensorimotor Task 
 
Participants were seated in a dimly lit room, ~90cm in front of a 24-inch flat-screen computer 
monitor on which task instructions and stimuli were presented. Participants performed a stimulus-tracking 
task during which they controlled a cursor (green dot subtending a visual angle of ~0.3°) and followed a 
moving target (grey square subtending a visual angle of ~1°) that moved at a constant velocity of 
~2°/second across the computer screen. The task consisted of two sensory conditions: (1) Visual 
feedback: participants saw the moving target and the cursor on the computer screen for the duration of the 
trial, (2) No visual feedback: the target and cursor were visible on the screen at the beginning of the trial, 
but disappeared mid-trial, and participants were instructed to continue moving the computer mouse as if 
the target and cursor were still visible. The target and cursor reappeared at the end of the no visual 
feedback trials. The experiment consisted of eight experimental blocks, and each block consisted of 32 
trials of a given sensory condition for a total of 256 trials (128 with visual feedback, 128 without visual 
feedback). The direction of target motion (up, down, left, right) was pseudo-randomized within a block, 
and all blocks contained 8 trials of each direction. The sensory feedback condition (with or without) 
alternated from one block to the next, and the condition of the first block was counterbalanced across 
participants. Figure 2 illustrates the task stimuli and schema.  
Each block began with a set of instructions pertaining to the sensory feedback condition of the 
proceeding trials. Forced breaks were built in to the task to minimize participant fatigue. A 10s break 
occurred after every 8 trials, and a 2min break occurred at the end of each block (32 trials). To ensure that 
participants were attending to the trials, they were presented with the instructions and prompted to press 
the space bar to continue the task after each break. Additionally, participants were required to move the 
cursor into the target to initiate each trial. The delay between the moment the participant moved the cursor 
into the target and the moment the target started moving was randomized between 1.5 and 2.25s to 
minimize anticipatory movements.  
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2.2.4 EEG Data Collection and Processing 
 
EEG data were collected in Net Station v.5 software continuously throughout the sensorimotor 
task. Data were sampled at 1000Hz and online referenced to the vertex electrode (corresponding to Cz in 
the International 10-20 system). The initiation and termination of the EEG recording, and the signaling of 
event triggers were controlled by custom MATLAB script on the stimulus PC via hard wired signals sent 
through the amplifier. Event triggers marked the moment during each trial in the sensorimotor task when 
the target and cursor disappeared (No Feedback trials) or the corresponding time point in the Feedback 
Figure 2: Task Design. A) Depiction of a Feedback trial with the target (grey) and the cursor (green). 
The target and cursor are visible for the duration of the trial. B) Depiction of a No Feedback trial. The 
target and cursor disappear 1.7s after the target starts moving. They are invisible for 3.5s before 
reappearing at the end of the trial. C) Structure of a block of trials. All trials within a block are the 
same sensory feedback condition. D) Structure of the task. Blocks alternate between Feedback and 
No Feedback. The condition of the starting block is randomly decided for each participant.  
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trials (~1.7s after the onset of target motion). EEG data were processed and cleaned in EEGLAB version 
14.1.1b software (Delorme & Makeig, 2004) for MATLAB. Data were high pass filtered at 0.5 Hz and 
low pass filtered at 30 Hz and re-referenced to the average of all electrodes. Data were epoched from the 
window of -1s to 3.6s surrounding the moment during each trial when the target and cursor disappeared 
(No Feedback trials) or the corresponding time point in the Feedback trials. This epoch encompassed a 
baseline period of 1 second of target movement while the target and cursor were present (consistent 
across both feedback conditions) and the entire segment of the trial when the conditions differed (target 
and cursor were not visible during the No Feedback trials but were visible during the Feedback trials). 
Impedance of all electrodes was maintained below 50kΩ. Noisy and bad electrode channels were 
identified based on visual inspection and spherically interpolated. No more than 12/128 channels (~10%) 
per participant were interpolated. Eye blink artifact was identified using independent components 
analysis. Components related to blinks were identified based on strong frontal topography and punctate 
activation of the component, and these components were removed. For other types of artifact, epochs 
containing artifact were identified based on visual inspection and were removed. A minimum of 45 clean 
trials per condition was required for the participant’s data to be included in the analyses. Based on these 
criteria, none of the participants’ data were excluded from the analyses. There was no significant 
difference between sensory feedback conditions in the number of trials that were retained (t(17): 2.07, p = 
0.054). 
 
2.2.5 Data Analysis 
 
Participant movement was monitored through the position of the cursor on the screen. Only the 
data from the time the cursor and target disappeared to the time they reappeared (for the No Feedback 
trials) and the corresponding time segment from the Feedback trials were considered for the analyses as 
these represent the time segments during which the two conditions differed. Motor performance was 
analyzed according to two axes of movement: the axis of cursor movement that was parallel to the motion 
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of the target, and the axis of cursor movement that was perpendicular to the motion of the target (e.g., if 
the target was moving rightward or leftward, parallel movements would be rightward or leftward 
movements made by the participant, and perpendicular movements would be upward and downward 
movements made by the participant). Error was calculated as the root mean squared error (RMSE) of the 
cursor position relative to the target position. The RMSE was calculated for each trial separately and then 
averaged across a participant for each condition and axis of motion such that each participant had two 
averaged RMSE values (parallel and perpendicular) for each feedback condition. All participants’ average 
RMSE values were included as dependent variables in a 2x2 ANOVA with feedback condition 
(Feedback, No Feedback) and axis of motion (Parallel, Perpendicular) as independent repeated measures 
variables.  
Movement complexity was assessed using the sample entropy (SampEn; Richman & Moorman, 
2000; Yentes et al., 2013) of the cursor position relative to the target over time. SampEn was calculated 
for each trial separately and then averaged across the participant for each condition and axis of motion 
such that each participant had two averaged SampEn values (parallel and perpendicular) for each 
feedback condition. All participants’ average SampEn values were included as dependent variables in a 
2x2 ANOVA with feedback condition and axis of motion as independent repeated measures variables.  
SampEn(m, r, N) is a calculation of the self-similarity or regularity of a time series, and it is defined as the 
negative natural logarithm of the conditional probability that two similar sequences of m points in a data 
series of length N remain similar within a tolerance level of r at the next point in the time series, where m 
is the embedding dimension, r is the tolerance, and N is the length of the data series (Richman & 
Moorman, 2000; Yentes et al., 2013). Lower values of SampEn indicate greater self-similarity or 
regularity in the data series. SampEn is relatively robust to the length of the data series, and it has been 
shown to be reliable with data series as short as 200 data points.  
Neural complexity was assessed using multi-scale sample entropy (MSE; Costa, Goldberger, & 
Peng, 2002, 2005) of the time series of the EEG data. MSE is calculated as the SampEn at different time 
scales of the time series. The SampEn of the original time series is the value for scale one. For scale two, 
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the original time series is essentially down sampled by averaging across every 2 consecutive data points 
in the series and then calculating the SampEn for the down sampled time series. Each subsequent scale 
down samples across increasing numbers of consecutive data points in the original time series and 
calculating SampEn for each of these down sampled time series. MSE can be represented as a curve of 
SampEn across scales, or the average value across all scales can be used as a general measure of 
complexity.  
The MSE for the broad-spectrum EEG signal (0.5-30Hz) was calculated for each electrode on 
each trial separately and then averaged across electrodes and participant for each condition such that each 
participant had two sets of averaged MSE values – one for the Feedback condition and one for the No 
Feedback condition. The broad-spectrum data were analyzed using a 2x17 repeated measures ANOVA 
with feedback condition (Feedback vs. No Feedback) and time scale (1-17) as the independent factors. 
Regional MSE analyses were conducted on the specific frequency bands alpha/mu (8-13Hz) and beta (13-
30Hz). MSE analyses on specific frequency bands have been done in previous studies (Ghanbari et al., 
2015; Mišić, Mills, Taylor, & McIntosh, 2010). Alpha/mu and beta were selected due to the relevance of 
these frequency bands to sensorimotor processing (Lin et al., 2012; McFarland, Miner, Vaughan, & 
Wolpaw, 2000; Mizuhara, 2012). Additionally, previous papers assessing motor-related neural 
complexity have looked specifically at complexity in these frequency bands (Gao, Wang, & Chen, 2013; 
Martínez-Vargas, Castro-Hoyos, & Castellanos-Dominguez, 2014).  
For regional analyses, electrode clusters were defined according to scalp region. These included 
left and right frontal clusters centered around F3 and F4 of the 10-20 System, respectively; left and right 
central clusters centered around C3 and C4 of the 10-20 system; left and right parietal clusters centered 
around P3 and P4 of the 10-20 system; left and right occipital clusters centered around O1 and O2 of the 
10-20 System, respectively; and left and right temporal clusters centered around T7 and T8 of the 10-20 
System, respectively. Frontal clusters were chosen based on their likelihood of capturing a signal relative 
to executive functioning. Central and parietal clusters were chosen based on their likelihood of capturing 
a motor relevant signal. Occipital clusters were chosen based on their likelihood of capturing a visually 
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relevant signal, and the temporal clusters were chosen as control regions, as these scalp regions are 
unlikely to capture task-relevant activity. MSE values for each cluster were calculated per participant per 
condition as the average MSE values across trials of all electrodes in the cluster. Regional data were 
analyzed according to region and feedback condition for each time scale. Additionally, the average MSE 
values across time scales were calculated for each region and condition. These averaged MSE values were 
included as the dependent variable in a 2 x 5 x 2 repeated measures ANOVA with feedback condition 
(Feedback, No Feedback), region (Frontal, Central, Parietal, Occipital, Temporal), and laterality (Left, 
Right) as the independent variables.  
For whole brain analyses, MSE values were calculated per participant as the average across trials 
within a condition and across all electrodes on the scalp. Whole brain data were analyzed according to 
condition for each time scale. Additionally, the average MSE values across time scales were calculated 
for each condition, and a Tukey test was used to analyze differences in feedback conditions for these 
averaged values. 
To relate the motor complexity findings to the neural complexity findings, correlational analyses 
between the motor complexity data and the neural complexity were run for each feedback condition. Only 
the motor data corresponding to the parallel axis of motion were used, since this axis had the greatest 
variability. 
 
2.3 Results 
 
2.3.1 Motor Performance 
 
 Motor performance was assessed using the root mean square error (RMSE) of the cursor position 
relative to the target position in the axes of motion perpendicular to and parallel to the motion of the 
target. The results of a 2x2 rmANOVA with feedback condition (Feedback, No Feedback) and axis of 
motion (Perpendicular, Parallel) as independent variables are summarized in Figure 3. This analysis 
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revealed a significant main effect of feedback condition driven by greater RMSE in the No Feedback 
condition compared to the Feedback condition (F(1,17)=210.25, p<0.001, ηp2 = 0.925), a significant main 
effect of axis of motion driven by greater RMSE in the Parallel axis than in the Perpendicular axis 
(F(1,17)=11.04, p=0.004, ηp2 = 0.394), and a significant feedback condition x axis of motion interaction 
(F(1,17)=9.96, p=0.006, ηp2 = 0.370). Follow-up analyses revealed that RMSE was greater in the No 
Feedback condition than the Feedback condition for both the Parallel (F(1,17)=76.11, p<0.001, 
ηp2=0.817) and Perpendicular (F(1,17)=65.74, p<0.001, ηp2=0.795) axes of movement; however, the 
magnitude of the differences between sensory feedback conditions was significantly greater in the Parallel 
axis than the Perpendicular axis (t(17)=3.16, p=0.006, d=1.229).  
 
 
2.3.2 Motor Complexity 
 
Motor complexity was assessed using the sample entropy (SampEn) of the time series of the 
cursor position in both axes of motion. The results of a 2x2 rmANOVA with feedback condition and axis 
of motion as independent variables are summarized in Figure 4. This analysis revealed a significant main 
effect of feedback condition driven by greater SampEn in the Feedback condition relative to the No 
Feedback Condition (F(1,17)=779.25, p<0.001, ηp2 = 0.979), a significant main effect of axis of motion 
driven by greater SampEn in the Parallel axis of motion than in the Perpendicular axis (F(1,17)=564.1, 
Figure 3: Motor Performance. 
Performance was measured using the 
root mean square error (RMSE) of the 
cursor position relative to the target. 
Higher values represent poorer 
performance. Error is indicated for the 
perpendicular axis of motion (left) and 
parallel axis of motion (right) for the 
Feedback condition (white) and the 
No Feedback condition (black). 
Significant differences between 
feedback conditions are indicated by 
*. Error bars represent standard error 
of the mean. 
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p<0.001, ηp2 = 0.971), and a significant feedback condition x axis of motion interaction (F(1,17)=690.63, 
p<0.001, ηp2 = 0.976). Follow-up analyses revealed the SampEn was greater in the Feedback condition 
than the No Feedback condition for both the Parallel (F(1,17)=762.22, p<0.001, ηp2=0.978) and 
Perpendicular (F(1,17)=301.46, p<0.001, ηp2=0.947) axes of movement; however the magnitude of the 
differences between sensory feedback conditions was significantly greater in the Parallel axis than the 
Perpendicular axis (t(17)=26.28, p<0.001, d=7.843). 
 
 
2.3.3 Neural Complexity 
 
To assess general effects of feedback condition on neural complexity, SampEn values of the 
broad-spectrum signal were averaged across electrodes for each time scale for each participant. These 
data were analyzed for each frequency band using a repeated measures ANOVA with feedback condition 
and time scale as the independent variables. Differences that remained significant after correcting for 
multiple comparisons using Least Squares Difference are reported. Results of this ANOVA revealed a 
significant main effect of sensory feedback condition (F(1,17)=7.75, p=0.013, ηp2=0.313), a main effect 
of time scale (F(1.55,17)=3642.60, p<0.001, ηp2=0.995), and a sensory feedback condition by time scale 
interaction (F(1.234,17)=10.11, p=0.003, ηp2=0.373). The main effect of sensory feedback condition was 
driven by the Feedback condition having higher complexity than the No Feedback condition. Results are 
depicted in Figure 5.  
Figure 4: Motor Complexity. Motor 
complexity on the task was calculated 
using sample entropy (SampEn) of the 
time series of the cursor position relative 
to the target. Motor complexity is 
indicated for the perpendicular axis of 
motion (left) and parallel axis of motion 
(right) for the Feedback condition (white) 
and the No Feedback condition (black). 
Significant differences between 
feedback conditions are indicated by *. 
Error bars represent standard error of 
the mean. 
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 Regional neural complexity was assessed using multiscale sample entropy (MSE) of the EEG 
signal at 10 different scalp regions (Left Frontal, Right Frontal, Left Central, Right Central, Left Parietal, 
Right Parietal, Left Occipital, Right Occipital, Left Temporal, Right Temporal) for the alpha frequency 
band and the beta frequency band. SampEn values were averaged across time scales and electrodes within 
each region and feedback condition for each participant. These averaged values were included in a 2 x 5 x 
2 repeated measures ANOVA (separately for each frequency band) with feedback condition (Feedback, 
No Feedback), region (Frontal, Central, Parietal, Occipital, Temporal), and laterality (Left, Right) as the 
independent variables. Additionally, for each scalp region, and each frequency band, a 2 (Feedback, No 
Feedback) x 17 (Timescales 1-17) repeated measures ANOVA was conducted. Results for the alpha 
frequency band analyses are depicted in Figure 6 and results for the beta frequency band analyses are 
depicted in Figure 7. Condition differences at each scale that remained significant after correcting for 
multiple comparisons using Least Significant Difference are indicated.  
The results of the alpha ANOVA including scalp region and laterality revealed significant main 
effects of feedback condition (F(1,17) = 15.83, p = 0.001, ηp2=0.482), laterality (F(1,17) = 4.92, p = 
0.040, ηp2= 0.224), and region (F(2.28, 17), p < 0.001, ηp2= 0.522). The main effect of feedback condition 
Figure 5: Overall Neural Complexity. A) Sample entropy (SampEn) averaged across all 
electrodes for each time scale for each sensory feedback condition (Feedback: grey circles, No 
Feedback: black squares). Time scales for which the Feedback and No Feedback conditions 
significantly differed are indicated by *. B) Multi-scale Sample Entropy (MSE) values calculated 
by averaging across all electrodes and all time scales for each sensory feedback condition 
(Feedback: white, No Feedback: black). The significant difference between sensory feedback 
conditions is indicated by *. Error bars represent standard error of the mean. 
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Figure 6: Alpha Band Neural Complexity. Rows are different scalp regions: 1) Frontal, 2) 
Central, 3) Occipital, 4) Temporal. Columns A and B depict the neural complexity (SampEn) at 
each time scale for the left and right hemispheres, respectively. The * shows significant differences 
between the Feedback (colored circles) and the No Feedback condition (black squares). Column C 
depicts the across-scales average for each scalp region and sensory feedback condition. The * 
shows significant differences between the Feedback (colored bars) and No Feedback condition 
(black bars). The  shows significant differences between Left and Right hemisphere activity. Error 
bars depict standard error of the mean. 
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Figure 7: Beta Band Neural Complexity. Rows are different scalp regions: 1) Frontal, 2) Central, 3) 
Occipital, 4) Temporal. Columns A and B depict neural complexity (SampEn) at each time scale for 
the left and right hemispheres, respectively. The * shows significant differences between the Feedback 
(colored circles) and No Feedback condition (black squares). Column C depicts the across-scales 
average for each scalp region and sensory feedback condition. The * shows significant differences 
between the Feedback (colored bars) and No Feedback condition (black bars). The  shows 
significant differences between Left and Right hemisphere activity. Error bars depict standard error of 
the mean. 
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was driven by greater MSE in the Feedback condition. The main effect of laterality was driven by greater 
MSE in the Left hemisphere. The main effect of cluster was driven by lower MSE in the occipital region 
than in all other regions (Frontal: t(17)  = 5.53, p < 0.001, d = 1.30; Central: t(17) = 4.83, p < 0.001, d = 
1.11; Parietal: t(17) = 3.85, p = 0.001, d = 0.907; Temporal: t(17) = 5.29, p < 0.001, d = 1.25) and greater 
MSE in the temporal region than in Central (t(17) = 2.82, p < 0.001, d = 0.665) and Parietal (t(17) = 4.71, 
p < 0.001, d = 1.11) regions. There were significant interactions between feedback condition and region 
(F(1.50, 17) = 14.99, p < 0.001, ηp2= 0.469) and laterality and region (F(2.09, 17) = 3.69, p = 0.033, ηp2= 
0.178). Follow-up comparisons revealed that the feedback condition by region was driven by the strongest 
reduction in MSE in the occipital region in the No Feedback condition relative to the Feedback condition. 
Follow-up comparisons revealed that the laterality by region interaction was driven by greater MSE in the 
left hemisphere for the Parietal (t(17) = 2.36, p = 0.030, d = 0.557) and Occipital (t(17) = 2.13, p = 0.047, 
d = 0.504) regions only.  
Results of the beta ANOVA including scalp region and laterality revealed a significant main 
effect of feedback condition (F(1,17) = 8.66, p = 0.009, ηp2= 0.338). Follow-up analyses revealed that this 
main effect was driven by greater MSE in the Feedback condition. No other main effects were significant.  
There was a significant interaction between feedback condition and region (F(1.86, 17) = 5.18, p = 0.013, 
ηp2= 0.234). Follow-up analyses revealed that this interaction was driven by higher MSE in the Feedback 
condition for the Central (t(17) = 2.43, p = 0.026, d = 0.573), Parietal (t(17) = 3.73, p = 0.002, d = 0.880), 
Occipital (t(17) = 2.63, p = 0.018, d = 0.620), and Temporal (t(17) = 2.34, p = 0.032, d = 0.551) regions, 
but not the Frontal region. No other interactions were significant.  
 
2.3.4 Relation of Motor and Neural Complexity 
 
Correlations between motor complexity (SampEn) and neural complexity (overall MSE) were run 
for each sensory feedback condition using the SampEn values and MSE values for each trial and each  
participant. There was no significant correlation between motor complexity and neural complexity in the   
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No Feedback condition. There was no significant correlation between motor complexity and neural 
complexity in the Feedback condition. However, visual inspection of the motor complexity data from the 
Feedback condition revealed a bimodal distribution with two distinct clusters of trials. Based on visual 
inspection, these clusters were separated into a “high complexity” cluster (mean: 0.81±0.13) including 
trials with SampEn above 0.5, and a “low complexity” cluster (mean: 0.30±0.07) including trials with 
SampEn below 0.5. An independent samples t-test between the low motor complexity cluster and the 
SampEn of the No Feedback trials revealed that the low motor complexity Feedback trials had a 
significantly greater SampEn than the No Feedback trials (t(3004.23) = 30.13, p < 0.001, d = 2.45). 
Further evaluation of the data revealed that these clusters emerged within participants and were present in 
all 18 participants, indicating that individual participants were not driving the bimodal distribution. 
Figure 8: Relation between Motor and Neural Complexity. Correlations between motor 
complexity (SampEn) and neural complexity (MSE) for: A) trials in the Feedback condition, 
B) trials in the No Feedback condition, C) the trials in the high motor complexity cluster of 
the Feedback condition, and D) trials in the low motor complexity cluster.  
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Additionally, they occurred in both early and late blocks of trials for each participant eliminating the 
possibility that the bimodal distribution was due to learning effects. The clusters are also not associated 
with the direction of the trials. In light of the bimodal distribution of the SampEn data, Pearson 
correlations between motor complexity and neural complexity were run separately for each cluster. There 
was a significant correlation between SampEn and MSE for the high motor complexity cluster 
(r(934)=0.175, p<0.001). There was no significant correlation between SampEn and MSE for the low 
motor complexity cluster. These data are depicted in Figure 8. 
 
2.4 Discussion 
 
Stereotyped motor behavior is often associated with neurodevelopmental, neuropsychiatric, and 
neurodegenerative disorders, and it is described as lacking variability in form and maladaptive. However, 
stereotyped movements also occur in typically developing infants, where they serve as a foundation for 
the development of more complex, goal-directed behavior (Konczak et al., 1995; Thelen, 1979; Thelen et 
al., 1993; Thelen & Fisher, 1983b), and thus are not always associated with brain disorders. Studies in 
typical development indicate that sensory input and feedback is important for the transition from simple, 
stereotyped movements to the expression of complex, adaptive behavior (Thelen, 1980, 1986).  In an 
attempt to provide a mechanistic model of stereotypy that could be applied to both clinical and nonclinical 
populations, we proposed in Shafer et al. (2017) that low complexity, stereotyped behavior manifests 
when there is a lack of integration of sensory information with the motor system. This could be due to a 
lack of access to sensory feedback or deficits in the sensorimotor neural circuitry. This lack of 
sensorimotor integration limits the information that the motor system has access to when generating a 
motor output, resulting in a low complexity, stereotyped output. Proper sensorimotor integration (and 
greater access to sensory input) provides greater sensory information to the motor system, allowing the 
motor system to access more biomechanical degrees of freedom to efficiently and appropriately respond 
to the environmental context. 
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The present study was designed to test the model proposed in Shafer et al (2017) to determine if 
diminished sensory input in healthy adults is associated with lower complexity of both motor output and 
time-locked neural activity.  We tested the hypothesis that visual feedback enhances the complexity and 
adaptability of neural and motor output in healthy adults by assessing task performance, motor 
complexity, and neural complexity during a visuomotor task with simultaneous EEG. Our results 
indicated that motor performance and motor complexity are higher when visual feedback is available 
compared to when it is not. This is consistent with previous studies (Deutsch & Newell, 2001, 2002, 
2003) and with our hypotheses. Also consistent with our hypotheses, neural complexity is increased when 
visual feedback is available compared to when it is not, indicating that visual feedback induces higher 
neural complexity which may lead to higher complexity, adaptability, and consequently, accuracy in the 
motor output. Conversely, when visual feedback is unavailable, the neural signal is limited in complexity, 
which limits the adaptability of the motor output resulting in poor performance and stereotyped patterns 
of behavior.  
Based on our hypotheses of how the availability of sensory information influences the motor 
output, we expected that access to visual feedback would provide more information to the visual system, 
which would communicate that information to the motor system and be used to generate a complex motor 
output. Thus, we expected both the visual-related (occipital) and the motor-related (central and parietal) 
neural signal to be higher in complexity when visual feedback was available compared to when it was not. 
Given that all participants were right-handed and used their right hand to perform the task, we expected a 
motor-related signal located centrally and parietally in the contralateral (left) hemisphere to the 
movement, as has been observed in previous studies of motor and visuomotor related cortical potentials 
and frequency-based analyses of motor processing (Cespón, Galdo‐Álvarez, & Díaz, 2013; Duann & 
Chiou, 2016; Naranjo et al., 2007; Veldman et al., 2018). 
For both the alpha and beta frequencies, we observed feedback related increases in neural 
complexity in the occipital scalp regions indicating, as hypothesized, that access to visual feedback 
increases the information available to and processed by visual cortex. Our results for both the alpha and 
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beta frequency bands also revealed significantly greater complexity in left parietal regions compared to 
right parietal regions as well as significantly greater complexity when visual feedback was available 
compared to when it was not. We also observed increased neural complexity in the central scalp regions 
for both the alpha and beta analyses; however, neither of these analyses indicated an effect of laterality, so 
it is not clear whether these signals correspond to motor activity. The neural findings in occipital left 
parietal scalp regions, combined with the motor performance and complexity findings support that when 
visual feedback is available, the visual system has access to more information, which is integrated into the 
motor system to produce a complex, adaptive motor output consistent with our conceptual model.  
Of note, the alpha frequency band analyses revealed Feedback related increases in neural 
complexity in all scalp regions and increased neural complexity in the left occipital region hemisphere, in 
addition to the left parietal region. Similarly, the beta band analyses revealed feedback related increases in 
temporal scalp regions in addition to the motor and visually relevant regions. The distributed task related 
activity in the alpha frequency band is not surprising, as alpha has been associated with visual processing 
and attention in addition to sensorimotor processing (Foster, Sutterer, Serences, Vogel, & Awh, 2017; 
Limbach & Corballis, 2017; Lobier, Palva, & Palva, 2018; Thut, 2006). The effects of laterality in the left 
occipital region for the alpha analyses and the effect of feedback on temporal regions could also be 
related to the poor spatial resolution inherent in EEG. It is possible the spread of the motor-related signal 
is being captured in the analyses of these neighboring regions.  
In the alpha frequency analyses, we also observed increased neural complexity in the frontal scalp 
regions when visual feedback was available. This could be related to differences in error monitoring – 
when visual feedback is available, participants are able to assess errors in their movements online when 
they make errors in their movements (i.e., they can see when the cursor deviates from the target); 
however, when visual feedback is not available, participants are not able to monitor the accuracy of their 
movement to know when they are making errors. Frontal alpha has been found to be associated with error 
monitoring for errors that were not self-generated (Zhang, Chavarriaga, & Millán, 2015). Frontal scalp 
localization of error processing has been repeatedly found in evoked-response potential studies that assess 
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the error related negativity in various paradigms (Weinberg, Dieterich, & Riesel, 2015). Additionally, 
Arrighi and colleagues (2016) observed modulation of frontal (Fz) theta band activity that was time-
locked to motor errors and event related spectral perturbations that were time locked to corrective 
movements when participants had visual feedback of their hand position during a reach-to-target task. 
These findings suggest that the differences in the effect of visual feedback on neural complexity at frontal 
electrode sites may be related to the processing of and response to errors that occur during the Feedback 
condition. Future studies should assess the effects of error processing on neural complexity. 
An unexpected finding that emerged was the bimodal distribution of motor complexity for trials 
in the Feedback condition. We determined that these clusters emerged within each of our participants and 
ruled out learning effects and contributions of experimentally manipulated variables. We hypothesize that 
these clusters may have emerged as a result of the strategy that the participant used when completing a 
given Feedback trial. If for example, the participant is heavily reliant on the visual cues, focusing on the 
relative position of the target and cursor, s/he will have high motor complexity on that trial. If however, 
the participant is more focused on proprioceptive cues, focusing on the position of his hand and trying to 
keep the speed of the hand consistent, he will have low motor complexity on that trial, similarly to when 
feedback is not available and the participant is solely reliant on proprioceptive cues. Although, we 
observed that the low complexity Feedback trials were still significantly higher than the No Feedback 
trials, this could be explained by the fact that visual cues were still present during these trials, so 
participants are likely to be using the visual cues to some extent even if they are relying predominantly on 
proprioceptive cues. Future studies could test this hypothesis using a version of the visuomotor task that 
instructs participants on which strategy to use. 
Previous studies have demonstrated that optimal motor complexity is task dependent, such that 
there are tasks for which low motor complexity is optimal (e.g., finger tapping tasks) and tasks for which 
high motor complexity is optimal (Newell, Broderick, Deutsch, & Slifkin, 2003). Our results support 
these findings by demonstrating that healthy individuals, depending on the sensory environment, can 
express both high and low motor complexity. In other words, low complexity, stereotyped patterns of 
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movement can be induced in healthy individuals through manipulating access to visual feedback. 
Importantly, this indicates that stereotyped behavior is not restricted to brain disorders or periods of 
immature brain development, and motor complexity is malleable within individuals. What may 
distinguish the low motor complexity in healthy, mature individuals from that in infants and individuals 
with pathologic forms of stereotyped behavior is the fact that healthy, mature individuals are able to 
reliably integrate sensory information, when it is available, and use it to access more biomechanical 
degrees of freedom and generate more complex, adaptive movements; whereas, infants or individuals 
with neuropathology may have difficulty integrating available sensory information and/or translating that 
sensory information into an adaptive motor output, restricting their motor output to low complexity, 
stereotyped movements. 
Consistent with the hypotheses proposed in Shafer et al. (2017) withholding visual feedback in 
healthy adults resulted in a low complexity motor and neural output, comparable to the low motor and 
neural complexity states observed in disorders such as ASD (Bodfish et al., 2001; Bosl et al., 2011; 
Catarino et al., 2011; Fournier, Amano, Radonovich, Bleser, & Hass, 2014; Hong, Bodfish, & Newell, 
2006b; Liu et al., 2017a; M. W. Mosconi et al., 2015; Newell & Bodfish, 2007; Newell et al., 1999) and 
Parkinson’s disease (C. C. Chen et al., 2010; S. Morrison, Kerr, Newell, & Silburn, 2008; Park, 
Roemmich, Elrod, Hass, & Hsiao-Wecksler, 2016; Pasluosta et al., 2018; Vaillancourt, Slifkin, & Newell, 
2001b; Yi, Wang, Deng, & Wei, 2017), which have characteristic repetitive motor behaviors. Importantly, 
there is also evidence in both ASD (Dowd, McGinley, Taffe, & Rinehart, 2012; Goh, Morris, Parsons, 
Ring, & Tan, 2017; Hannant, Cassidy, Tavassoli, & Mann, 2016; Izawa et al., 2012; Lim et al., 2018; 
Marko et al., 2015; Minshew, Sung, Jones, & Furman, 2004) and Parkinson’s Disease (Almeida et al., 
2005; Jacobs & Horak, 2006; G. N. Lewis & Byblow, 2002; Vaillancourt, Slifkin, & Newell, 2001a; Zhao 
et al., 2014) of sensorimotor disturbances. The common phenomenology of sensorimotor disturbances, 
repetitive motor behaviors, and low baseline neural and motor complexity found in these distinct clinical 
conditions suggests that these may be varied phenotypic expressions of deficits in sensorimotor 
integration. The possibility that a shared mechanism like sensorimotor integration may account for 
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multiple clinical features across distinct disorders is consistent with contemporary transdiagnostic models 
of neurodevelopmental and neuropsychiatric disorders (Cuthbert & Insel, 2013; Insel et al., 2010; S. E. 
Morris & Cuthbert, 2012).  
 
2.5 Conclusions 
 
Our study aimed to determine the role that sensorimotor integration plays in the expression of, 
stereotyped behavior by attempting to induce low complexity motor patterns in typically developing 
adults through manipulating access to visual feedback during a motor task. Withholding visual feedback 
from participants resulted in poorer motor performance, lower motor complexity, and lower neural 
complexity. Our results suggest that reliable access to visual feedback provides the nervous system with 
information that it can use to generate adaptive motor output through online monitoring and correction of 
movements. When visual feedback is withheld, there is limited information for the brain to use to monitor 
the accuracy of the movement and generate adaptive motor corrections. This results in less complex 
(more stereotyped) and less accurate motor behavior. Further, our findings indicate that motor complexity 
is flexible within individuals and may be influenced by both external factors (sensory feedback) and 
internal factors (strategy). Our findings have implications for understanding and treating disorders such as 
ASD that present with stereotyped behaviors. 
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Chapter 3 
 
Altered neural processing during the execution of complex sensorimotor behavior in 
autism 
 
3.1 Introduction 
 
Stereotyped (i.e., rhythmic, repetitive) motor behavior is one of the diagnostic features of autism 
spectrum disorders (ASD), and it is highly prevalent in several other neurodevelopmental, 
neuropsychiatric, and neurodegenerative disorders (American Psychatric Association, 2013; Goldman et 
al., 2009; Mendez et al., 2005; Morrens et al., 2006). It is generally considered atypical, maladaptive and 
purposeless (Cooper & Dourish, 1990). For example, motor stereotypy in individuals with ASD has been 
shown to pose a functional impairment by interfering with play (Koegel et al., 1974) and learning (Koegel 
& Covert, 1972; K. Morrison & Rosales-Ruiz, 1997).  
Stereotypy also occurs in healthy infants however, in the context of typical development 
stereotypy is viewed as an adaptive motor behavior which serves as a foundation for learning and 
executing the complex movements necessary for adaptive goal-directed behavior (Thelen, 1979). As 
complex goal-directed movements such as reaching and ambulation develop in infants as they age, these 
more complex patterns of movement replace the simple, stereotyped movements such as repetitive arm 
waving and kicking (Konczak et al., 1995; Thelen & Cooke, 1987; Thelen & Fisher, 1983b, 1983a).   
Historically, stereotypy in typical development and clinical populations has been studied 
separately due to the assumption that it represents different phenomena in each case, and therefore, is 
driven by different mechanisms. Recently, we proposed a novel sensorimotor integration model of 
stereotyped behavior based on the functional integration of sensory and motor neural circuitry that is 
common to both early healthy brain development and the set of brain-based disorders in which stereotypy 
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is a common symptom, and thus may provide a single parsimonious account of these distinct aspects of 
stereotyped behavior (Shafer et al., 2017). In this model stereotyped actions can be conceptualized 
dimensionally along a continuum of complexity of motor behavior with simple stereotyped low 
complexity movements at one end and complex and more adaptive movements at the other end. 
Consistent with the established role that sensory input plays in the control of motor output within 
functional sensorimotor neural circuits, the availability of relevant sensory information may drive the 
complexity and adaptability of motor output such that low complexity, stereotyped patterned of motor 
output may be manifested when sensory input is restricted. This diminished sensory control of motor 
output could be present either as a result of insufficient maturation of sensorimotor neural circuitry in the 
case of typically developing infants or as a result of atypical development of this circuitry in the case of 
neurodevelopmental disorders.   
Support for this sensorimotor integration model of stereotypy comes from previous studies of the 
influence of sensory experience on motor performance and motor development in both typically 
developing and clinical groups. Findings from previous research have demonstrated that sensory 
experience can influence both the development and complexity of motor behavior in typical development. 
Infants who receive more sensory input from caregivers and have more opportunities to explore their 
environments display lower rates of stereotyped behavior (Thelen, 1980). Conversely, children who are 
raised in impoverished environments (e.g., orphanages) display high rates of stereotyped behavior (Bos et 
al., 2010; Levin et al., 2015). When these children leave the orphanages and are placed in more enriched 
homes, their motor stereotypy decreases. In line with these findings on the role of sensory experience and 
motor development, other work has demonstrated that the availability of sensory information can 
influence the complexity of the motor output in typically developing individuals. For example, increased 
sensory feedback can elicit more complex motor patterns in infants than the stereotyped patterns of 
movement that infant generates spontaneously (Thelen, 1986). Conversely, studies have demonstrated 
that limiting the availability of sensory feedback and thus the integration of sensory information with 
motor output results in reduced complexity and adaptability of the motor output (Deutsch & Newell, 
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2001, 2002, 2003). 
 Sensorimotor function has also been examined in the context of the various clinical conditions 
that are associated with the development of stereotyped behaviors. For example, sensorimotor 
disturbances are observed in several disorders that present with motor stereotypy (Lencer et al., 2010; S. 
L. Morris et al., 2015b; Nebel et al., 2015; Quednow et al., 2008; Takarae et al., 2004; D. J. J. Wang et al., 
2018). In ASD, structural and functional abnormalities have been observed in sensorimotor regions of 
cortex (Abbott et al., 2018; Müller, Kleinhans, Kemmotsu, Pierce, & Courchesne, 2003), cerebellum 
(Catani et al., 2008; Marko et al., 2015), and striatum (Abbott et al., 2018; Di Martino et al., 2011; 
Hollander et al., 2005; Langen et al., 2014; Langen, Durston, Staal, Palmen, & van Engeland, 2007). 
Behaviorally, sensorimotor processing abnormalities in ASD have been observed in the oculomotor 
(Mosconi et al., 2013; Schmitt, Cook, Sweeney, & Mosconi, 2014; Shirama, Kanai, Kato, & Kashino, 
2016; Takarae et al., 2004) and skeletomotor systems (Izawa et al., 2012; Lim et al., 2018; Lim, Partridge, 
Girdler, & Morris, 2017; Marko et al., 2015; Mosconi et al., 2015; Wang et al., 2015) and include deficits 
in motor planning (D’Cruz et al., 2009; Z. Wang et al., 2015), motor learning (Izawa et al., 2012; Marko 
et al., 2015), and the use of sensory feedback to control ongoing movements (Lim et al., 2018, 2017; 
Mosconi et al., 2015). Additionally, there is evidence that sensorimotor differences may be among the 
earliest signs of ASD (Baranek, 1999; Sacrey et al., 2015) indicating that they are present early enough to 
impact the development of later symptoms including social deficits and repetitive behaviors that are 
characteristic of ASD. 
 To date, support for a sensorimotor interpretation of stereotyped behavior has come primarily and 
only indirectly in the form of findings of atypical sensorimotor function in clinical groups that also have 
high rates of stereotyped behaviors. More direct evidence that links sensorimotor integration to 
stereotyped movement in both healthy and clinical populations is lacking. This study was designed to 
provide a more direct test of the sensorimotor integration model of stereotyped behavior through an 
examination of the effect of sensory feedback on the degree of complexity of motor output in adults with 
ASD and in a comparison sample of adults without ASD. For this study, we developed a novel visually-
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guided tracking task that measures the impact of sensory (visual) feedback on the accuracy and 
complexity of motor performance.   Concurrent EEG measurement of neural complexity during the 
visuomotor task provided a way to examine the effects of sensory feedback on both motor performance 
and neural function. We hypothesized: (a) that participants with ASD will be characterized by a pattern of 
increased movement error, decreased motor complexity, and decreased neural complexity during the 
sensory feedback condition, and (b) that this pattern of decreased complexity of motor and neural function 
during sensory feedback will be associated with greater severity on clinical measures of stereotyped 
behavior within the ASD sample.  
 
3.2 Methods 
 
3.2.1 Participants 
 
 Participants were recruited from the Vanderbilt University, Vanderbilt University Medical Center 
communities and surrounding areas. All participants or, when applicable, their guardians gave written 
informed consent to participate. This study was approved by the Vanderbilt University Institutional 
Review Board. 17 adults with ASD (5 female, 12 male) and 20 typically developing adults (7 females, 13 
males) were recruited to participate in this study. Participants ranged in age from 18-36 years old. All 
potential participants were screened following recruitment. In order to proceed to enrollment, participants 
had to have normal or corrected to normal vision, and TD participants had to screen negative for history 
of mood disorders, traumatic brain injury, seizures, use of psychoactive medication, and other conditions 
that affect brain function. For participants in the ASD group, diagnosis of ASD was confirmed by 
administration of module 4 of the Autism Diagnostic Observation Schedule, Second Edition (ADOS-2) 
(Gotham, Pickles, & Lord, 2009; Lord et al., 2012) by a trained member of our research team. One ASD 
participant did not complete the ADOS, but she was determined to have ASD based on family history of 
ASD, a recent diagnosis from a credible medical professional, and expert clinical opinion from a licensed 
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clinical psychiatrist on our research team. TD participants were screened for ASD using the Autism 
Spectrum Quotient and were excluded if they scored in the autism range. Participants were excluded from 
analyses if they had a verbal IQ of 70 or below due to the extent of verbal instruction and questionnaires 
in our study. Left-handed participants were also excluded from analyses due to the lateralization of motor 
activity in the brain. Handedness was assessed using the Edinburgh Handedness Inventory (Oldfield, 
1971). Based on these exclusion criteria, two ASD participants (2 male) were excluded due to verbal 
intelligence quotient (IQ) below 70, and two TD participants (1 male, 1 female) were excluded because 
they were left handed. These exclusions resulted in 15 ASD participants (5 female, 10 male) and 18 TD 
participants (6 female, 12 male) included in the final analyses. One TD participant had experience 
administering the WASI-II, so the IQ scores for that participant are likely inflated and are not included in 
the group IQ comparison. After these exclusions, the groups did not differ on overall IQ (t(30) = 1.38, p = 
0.177), age (t(31) = 0.252, p = 0.803), or gender (both groups were 66.7% male and 33.3% female). Full 
demographic data is listed in Table 1. 
 
Table 1: Group Demographics and Phenotypes 
  
ASD  TD 
  
  
N Mean SEM  N Mean SEM t p 
Age 15 23.47 1.04  18 23.89 1.26 -0.25 0.80 
ADOS 14 6.43 0.72  - - - - - 
       ADOS SA 14 6.64 0.60  - - - - - 
       ADOS RRB 14 5.71 0.81  - - - - - 
FSIQ 15 106.33 3.46  17 112.12 2.47 -1.38 0.18 
       VIQ 15 106.87 2.57  17 113.53 3.13 -1.62 0.12 
       PIQ 15 103.80 4.70  17 107.24 2.56 -0.66 0.51 
SRS 15 64.13 2.19  18 48.11 1.44 6.31 <0.001 
ASD: Autism Spectrum Disorder, TD: Typical Development, ADOS: Autism Diagnostic 
Observation Schedule, SA: Social Affect Subscale, RRB: Restricted Repetitive Behavior 
Subscale, FSIQ: Full-Scale Intelligence Quotient, VIQ: Verbal IQ, PIQ: Perceptual IQ, SRS: 
Social Responsiveness Scale, N: Sample Size, SEM: Standard Error of the Mean 
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3.2.2 Behavioral and Cognitive Testing 
 
 Autism Spectrum Quotient (AQ) (Baron-Cohen, Wheelwright, Skinner, Martin, & Clubley, 
2001): The AQ is a 50 item questionnaire designed to measure behaviors and characteristics that are 
commonly associated with the ASD phenotype. A score of 32 or higher indicates clinically significant 
level of traits relevant to ASD. This value was used in this study as a screening cutoff for the inclusion of 
participants in the TD group. 
 Autism Diagnostic Observation Schedule, Second Edition (ADOS-2) (Gotham et al., 2009; 
Lord et al., 2012): The ADOS-2 is a semi-structured diagnostic measure of the core features of ASD. This 
measure provides a score to measure against diagnostic thresholds as well as severity scores. The ADOS 
was only administered to participants in the ASD group, and module 4 (for adolescents/adults with fluent 
speech) was used for all participants due to the age and language ability of the participants in our study. 
The ADOS-2 was scored using the revised scoring algorithm developed in 2014 (Hus & Lord, 2014). 
 Wechsler Abbreviated Scales of Intelligence, Second Edition (WASI-II) (Wechsler & Zhou, 
2011): The WASI-II is an intelligence assessment validated for individuals aged 6-89 years. This 
assessment gives an assessment of intelligence quotient (IQ) for verbal IQ, perceptual IQ, and full-scale 
IQ. For this study we report scores for the full-scale IQ value that is calculated from all four of the 
administered subscales. 
 Social Responsiveness Scale, Second Edition (SRS-2) (Constantino & Gruber, 2012): The SRS-2 
is a questionnaire intended to measure behaviors associated with ASD, mostly related to social 
impairment including social awareness, social cognition, social communication, and social motivation. 
The SRS-2 also includes questions to measure restricted interests and repetitive behavior. 
 Repetitive Behavior Scale – Revised (RBS-R) (Bodfish, Symons, Parker, & Lewis, 2000): The 
RBS-R is a rating scale that assesses five categories of repetitive behavior (motor stereotypy, repetitive 
self-injury, compulsions, routines/sameness, restricted interests). These subscales have a high internal 
consistency with Cronbach’s alpha values ranging from .78 (restricted interests) to .91 
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(routines/sameness) (Lam & Aman, 2007). 
 Adolescent/Adult Sensory Profile (SP) (Catana Brown & Dunn, 2002): The SP is a questionnaire 
intended to identify sensory processing patterns in individuals and their effects on function in daily life. It 
includes questions on six sensory processing categories including taste/smell processing, movement 
processing, visual processing, touch processing, activity level, and auditory processing. 
 
3.2.3 Equipment 
 
 Task stimuli were presented on a 24-inch high-definition (1920 x 1080 pixels) LCD computer 
monitor (ASUS VG248) from a PC (LG Electronics, Inc.) with 32GB of RAM at 4GHz. This PC is 
equipped with a NVIDIA GeForce GTX 770 graphics card and a dual monitor display. Participants used a 
wireless LED computer mouse to control the onscreen cursor during the sensorimotor task (described 
below). The sensorimotor task program was custom script programmed in MATLAB (The MathWorks, 
Inc., Natick, Massachusetts) using the Psychophysics Toolbox (Brainard, 1997; Kleiner et al., 2007; Pelli, 
1997).  
 EEG data were collected using 128-electrode Electrical Geodisics, Inc (EGI) HydroCel Sensor 
Nets through EGI Net Station v.5 software on a Macintosh computer. The electrodes in the HydroCel 
Nets use a mild saline and shampoo solution. Electrodes are embedded in soft sponges and housed in 
pedestals.  
 
3.2.4 Sensorimotor Task 
 
 Participants were seated in a dimly lit room, ~90cm in front of a 24-inch flat-screen computer 
monitor on which task instructions and stimuli were presented. Participants performed a stimulus-tracking 
task during which they controlled a cursor (green dot subtending a visual angle of ~0.3°) and followed a 
moving target (grey square subtending a visual angle of ~1°) that moved at a constant velocity of 
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~2°/second across the computer screen. A fixation cross appeared on the screen for 2 seconds at the 
beginning of each trial. The task consisted of two sensory conditions: (1) Visual feedback: participants 
saw the moving target and the cursor on the computer screen for the duration of the trial, (2) No visual 
feedback: the target and cursor were visible on the screen at the beginning of the trial, but disappeared 
mid-trial, and participants were instructed to continue moving the computer mouse as if the target and 
cursor were still visible. The target and cursor reappear at the end of the no visual feedback trials. The 
experiment consisted of eight experimental blocks, and each block consisted of 32 trials of a given 
sensory condition for a total of 256 trials (128 with visual feedback, 128 without visual feedback). The 
direction of target motion (up, down, left, right) was pseudo-randomized within a block, and all blocks 
contained 8 trials of each direction. The sensory feedback condition (with or without) alternated from one 
block to the next, and the condition of the first block was counterbalanced across participants. Figure 1 
illustrates the task stimuli and schema. 
 Each block began with a set of instructions pertaining to the sensory feedback condition of the 
proceeding trials. Forced breaks were built in to the task to minimize participant fatigue. A 10-second 
break occurred after every 8 trials, and a 2-minute break occurred at the end of each block (32 trials). To 
ensure that participants were attending to the trials, they were presented with the instructions and 
prompted to press the space bar to continue the task after each break. Additionally, participants were 
required to move the cursor into the target to initiate each trial. The delay between the moment the 
participant moved the cursor into the target and the moment the target started moving was randomized 
between 0.75 and 1.75 seconds to minimize anticipatory movements.  
 
3.2.5 EEG Data Collection and Processing 
 
 EEG data were collected in Net Station v.5 software continuously throughout the sensorimotor 
task. Data were sampled at 1000Hz and online referenced to the vertex electrode (corresponding to Cz in 
the International 10-20 system). The initiation and termination of the EEG recording, and the signaling of 
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event triggers were controlled by custom MATLAB script on the stimulus PC via hard wired signals sent 
through the amplifier. Event triggers marked the moment during each trial in the sensorimotor task when 
the target and cursor disappeared (No Feedback trials) or the corresponding time point in the Feedback 
trials (1.7 seconds after the onset of target motion). EEG data were processed and cleaned in EEGLAB 
version 14.1.1b software (Delorme & Makeig, 2004) for MATLAB. Data were high pass filtered at 1 Hz 
and low pass filtered at 40 Hz and re-referenced to the average of all electrodes. Data were epoched from 
the window of -1 second to 3.6 seconds surrounding the moment during each trial when the target and 
cursor disappeared (No Feedback trials) or the corresponding time point in the Feedback trials. This 
epoch encompassed a baseline period of 1 second of target movement while the target and cursor were 
present (consistent across both feedback conditions) and the entire segment of the trial when the 
conditions differed (target and cursor were not visible during the No Feedback trials but were visible 
during the Feedback trials). 
 Impedance of all electrodes was maintained below 50kΩ. Noisy and bad electrode channels were 
identified based on visual inspection and spherically interpolated. No more than 6/128 channels (~5%) 
per participant were interpolated. Eye blink artifact was identified using independent components 
analysis. Components related to blinks were identified based on strong frontal topography and punctate 
activation of the component, and these components were removed. For other types of artifact, epochs 
containing artifact were identified based on visual inspection and were removed. As few studies have 
used MSE analyses in trial-based EEG studies, there is no standard for the number of trials that need to be 
retained to obtain a reliable sample for these analyses. We performed a jackknife procedure on the data 
from participants that had at least 60 clean trials in each feedback condition (Feedback: 4 ASD, 10 TD; 
No Feedback: 5 ASD, 8 TD) to determine how the mean and variance of the MSE calculation changed as 
fewer trials were included in the calculation. These analyses revealed that mean (Feedback: t(13) = 1.71, 
p = 0.111; No Feedback: t(9) = 1.09, p = 0.306) and variance did not change significantly between 60 
trials retained and 20 trials retained (Feedback: t(13) = 0.010, p = 0.992; No Feedback: t(9) = 1.93, p = 
0.085). The fewest trials retained for any given participant for either condition was 29, so no participants 
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were excluded from analyses based on EEG trial retention. 
 
3.2.6 Data Analysis 
 
 Participant movement was monitored through the position of the cursor on the screen. Only the 
data from the time the cursor and target disappeared to the time they reappeared (for the No Feedback 
trials) and the corresponding time segment from the Feedback trials were considered for the analyses as 
these represent the time segments during which the two conditions differed. Motor performance was 
analyzed according to two axes of movement: the axis of cursor movement that was parallel to the motion 
of the target, and the axis of cursor movement that was perpendicular to the motion of the target (e.g., if 
the target was moving rightward or leftward, parallel movements would be rightward or leftward 
movements made by the participant, and perpendicular movements would be upward and downward 
movements made by the participant). Error was calculated as the root mean squared error (RMSE) of the 
cursor position relative to the target position. The RMSE was calculated for each trial separately and then 
averaged across a participant for each condition, and axis of motion such that each participant had two 
averaged RMSE values (parallel and perpendicular) for each feedback condition. All participants’ average 
RMSE values were included as dependent variables in a 2x2x2 ANOVA with feedback condition 
(Feedback, No Feedback) and axis of motion (Parallel, Perpendicular) as independent within-subjects 
variables and group (ASD, TD) as the between-subjects variable.  
 Movement complexity was assessed using the sample entropy (SampEn) (Richman & Moorman, 
2000; Yentes et al., 2013) of the cursor position relative to the target over time. SampEn was calculated 
for each trial separately and then averaged across the participant for each condition and axis of motion 
such that each participant had two averaged SampEn values (parallel and perpendicular) for each 
feedback condition. All participants’ average SampEn values were included as dependent variables in a 
2x2x2 ANOVA with feedback condition and axis of motion as independent within-subjects variables and 
group as the between-subjects variables.  
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 SampEn(m, r, N) is a calculation of the self-similarity or regularity of a time series, and it is 
defined as the negative natural logarithm of the conditional probability that two similar sequences of m 
points in a data series of length N remain similar within a tolerance level of r at the next point in the time 
series, where m is the embedding dimension, r is the tolerance, and N is the length of the data series 
(Richman & Moorman, 2000; Yentes et al., 2013). Lower values of SampEn indicate greater self-
similarity or regularity in the data series. SampEn is relatively robust to the length of the data series, and 
it has been shown to be reliable with data series as short as 200 data points.  
Complexity of the EEG data were analyzed at both the broad spectrum EEG signal level (1-40Hz) and on 
specific frequency bands of the overall EEG signal. Neural complexity was assessed using multi-scale 
sample entropy (MSE) (Costa et al., 2002, 2005) of the time series of the EEG data. MSE is calculated as 
the SampEn at different time scales of the time series. The SampEn of the original time series is the value 
for scale one. For scale two, the original time series is essentially down sampled by averaging across 
every 2 consecutive data points in the series and then calculating the SampEn for the down sampled time 
series. Each subsequent scale down samples across increasing numbers of consecutive data points in the 
original time series and calculating SampEn for each of these down sampled time series. MSE can be 
represented as a curve of SampEn across scales, or the average value across all scales can be used as a 
general measure of complexity.  
 MSE values for the broad spectrum EEG signal (1-40Hz) were calculated for each electrode for 
each trial separately and then averaged across electrodes and participant for each condition such that each 
participant had two sets of averaged MSE values – one for the Feedback condition and one for the No 
Feedback condition. The broad-spectrum data were analyzed using a 2x2x17 repeated measures ANOVA 
with feedback condition (Feedback, No Feedback) and time scale (1-17) as the independent within-
subjects factors and group (ASD, TD) as the between-subject factor.  
 Regional MSE analyses were conducted on the specific frequency bands alpha/mu (8-13Hz) and 
beta (13-30Hz). Analyses of MSE on neural data for specific frequency bands has been done in previous 
studies (Ghanbari et al., 2015; Mišić et al., 2010). Alpha/mu and beta were selected due to the relevance 
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of these frequency bands to sensorimotor processing (Lin et al., 2012; McFarland et al., 2000; Mizuhara, 
2012). Additionally, previous papers assessing motor-related neural complexity have looked specifically 
at complexity in these frequency bands (Gao et al., 2013; Martínez-Vargas et al., 2014). For regional 
analyses, electrode clusters were defined according to scalp region. These included left and right frontal 
clusters centered around F3 and F4 of the 10-20 system, respectively; left and right parietal clusters 
centered around P3 and P4 of the 10-20 system, and left and right occipital clusters centered around O1 
and O2 of the 10-20 system. Frontal clusters were chosen based on their likelihood of capturing a signal 
relative to executive functioning. Parietal clusters were chosen based on their likelihood of capturing a 
motor relevant signal. Occipital clusters were chosen based on their likelihood of capturing a visually 
relevant signal. We did not include the central scalp regions as previous data from our lab on a 
comparable task found that the central scalp region did not show effects of laterality, as would be 
expected for a motor signal. We also did not include the temporal scalp regions as a control (task 
irrelevant region) as previous data from our lab has found task relevant patterns of activity in this region. 
MSE values for each cluster were calculated per participant per condition as the average MSE values 
across trials of all electrodes in the cluster. Regional data were analyzed according to region and feedback 
condition for each time scale. Additionally, the average MSE values across time scales were calculated 
for each region and condition. These averaged MSE values were included as the dependent variable in a 2 
x 3 x 2 x 2 repeated measures ANOVA with feedback condition (Feedback, No Feedback), region 
(Frontal, Parietal, Occipital), and laterality (Left, Right) as the within-subjects independent variables and 
group (ASD, TD) as the between-subjects variable.  
 
3.3 Results 
 
3.3.1 Motor Performance 
 
 The 2 (Sensory Condition: Visual Feedback, No Visual Feedback) x 2 (Group: ASD, TD) x 2 
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(Axis: Perpendicular, Parallel) repeated measures ANOVA with motor performance (RMSE) as the 
dependent variable revealed a main effect of Sensory Condition driven by lower RMSE in Visual 
Feedback condition (F(1,31) = 160.68, p<0.001, ηp2 = 0.838), a main effect of Axis driven by higher 
RMSE in the Perpendicular axis (F(1,31) = 107.09, p < 0.001, ηp2 = 0.776), and a significant Sensory 
Condition x Axis interaction (F(1,31) = 77.91, p < 0.001, ηp2 = 0.715). Follow-up tests revealed that this 
interaction was driven by a greater difference between Sensory Conditions for the Parallel Axis than the 
Perpendicular Axis (t(32) = 8.63, p < 0.001, d = 1.80). There was no main effect of Group and no 
significant interactions that included the Group factor. To correct for violations of homogeneity of 
covariance, multivariate tests were reported and all results are reported after LSD corrections for multiple 
comparisons. These results are summarized in Figure 9. 
 
 
3.3.2 Motor Complexity 
 
 The 2 (Sensory Condition: Visual Feedback, No Visual Feedback) x 2 (Group: ASD, TD) x 2 
(Axis: Perpendicular, Parallel) repeated measures ANOVA with motor complexity (SampEn) as the 
dependent variable revealed a significant main effect of sensory condition driven by increased SampEn in 
the Visual Feedback condition (F(1,31) = 1015.42, p < 0.001, ηp2 = 0.970), a main effect of Axis driven 
by greater SampEn in the Perpendicular axis (F(1,31) = 752.29, p < 0.001, ηp2 = 0.960), and a significant 
Figure 9: Motor Performance 
by Group. RMSE for the 
Parallel (left) and 
Perpendicular (right) axes of 
movement in the Feedback 
(solid bars) and No Feedback 
(empty bars) for the ASD (red) 
and TD (blue) groups. Error 
bars represent standard error 
of the mean. FB: Feedback; 
NoFB: No Feedback; Para: 
Parallel axis; Perp: 
Perpendicular axis. 
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Sensory Condition x Axis interaction (F(1,31) = 512.53, p < 0.001, ηp2 = 0.943). Follow-up analyses 
revealed that this interaction was driven by a greater difference between Sensory Conditions in the 
Parallel Axis than the Perpendicular Axis (t(32) = 22.84, p < 0.001, d = 5.77). There was no main effect 
of Group and no other significant interactions that included the Group factor. To correct for violations of 
homogeneity of variance, multivariate tests were reported, and all results are reported after LSD 
corrections for multiple comparisons. These results are summarized in Figure 10. 
 
 
3.3.3 Neural Complexity 
 
 Broadband EEG complexity: Results of the 2 (Sensory Condition: Visual Feedback, No Visual 
Feedback) x 2 (Group: ASD, TD) x 17 (Timescale: 1-17) repeated measures ANOVA that included 
broadband MSE as the dependent variable are summarized in Figure 11. This ANOVA revealed a main 
effect of Sensory Condition driven by greater MSE in the Visual Feedback condition (F(1,29) = 12.43, p 
= 0.002, ηp2 = 0.332), a main effect of Timescale (F(1.41,35.23) = 2505.59, p < 0.001, ηp2 = 0.990), and a 
significant Sensory Condition x Timescale interaction (F(2.06,51.58) = 11.30, p < 0.001, ηp2 = 0.311). The 
Sensory Condition x Timescale interaction was driven by scales 6-11 having a greater average difference 
between conditions than scales 12-17 (t(30) = 4.46, p < 0.001, d = 0.32), and scales 12-17 having a 
greater average difference between conditions than scales 1-5 (t(30) = 2.92, p = 0.007, d = 0.47). There 
Figure 10. Motor Complexity 
by Group. SampEn for the 
Parallel (left) and 
Perpendicular (right) axes of 
movement in the Feedback 
(solid bars) and No Feedback 
(empty bars) for the ASD (red) 
and TD (blue) groups. Error 
bars represent standard error 
of the mean. FB: Feedback; 
NoFB: No Feedback; Para: 
Parallel axis; Perp: 
Perpendicular axis. 
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was no main effect of Group and no other significant interactions that included the Group factor. There 
were no violations of homogeneity of variance. All results are reported after LSD corrections for multiple 
comparisons and Huynh-Feldt (ε > .75) or Greenhouse-Geisser (ε < .75) corrections for violations of 
sphericity, where necessary.  
 
 Alpha EEG complexity: The 2 (Feedback Condition: Feedback, No Feedback) x 3 (Scalp Region: 
Frontal, Parietal, Occipital) x 2 (Laterality: Left, Right) x 2 (Group: ASD, TD) repeated measures 
ANOVA that included alpha MSE as the dependent variable revealed a main effect of Sensory Condition 
driven by greater MSE in the Feedback condition (F(1,25) = 21.35, p < 0.001, ηp2 = 0.461), a main effect 
of Scalp Region (F(1.68,40.94) = 18.56, p < 0.001, ηp2 = 0.426), and a significant Sensory Condition x 
Scalp Region interaction (F(2,50) = 10.67, p < 0.001, ηp2 = 0.299). Follow-up tests correcting for multiple 
comparisons using LSD revealed that the main effect of Scalp Region was driven by greater alpha MSE 
in the Frontal scalp region than in the Parietal (t(30) = 8.16, p < 0.001, d = 0.396) and greater alpha MSE 
in the Parietal scalp region than in the Occipital region (t(30) = 3.04, p = 0.005, d = 0.265). Follow-up 
tests correcting for multiple comparisons using LSD revealed that the interaction effect of Sensory 
Figure 11: Broadband Neural Complexity by Group. A) SampEn of the broadband neural signal at 
each timescale for each group (ASD: red, TD: blue) and sensory feedback condition (Feedback: bold 
lines, No Feedback: pale lines). Error bars represent standard error of the mean. Significant 
differences between the sensory conditions are indicated with s. Significant group differences are 
indicated with g. B) Average broadband MSE across timescales for each group (ASD: red, TD: blue) 
and sensory condition (Feedback: solid bars, No Feedback: empty bars). Significant group and 
condition interactions are indicated with *. FB: Feedback; NoFB: No Feedback. 
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Condition x Scalp Region was driven by higher beta MSE in the Occipital region than the Parietal region 
(t(30) = 3.97, p < 0.001, d = 0.402) for the No Feedback Condition only. All results are reported after 
LSD corrections for multiple comparisons and Huynh-Feldt (ε > .75) or Greenhouse-Geisser (ε < .75) 
corrections for violations of sphericity, where necessary. Results are depicted in Figure 12.  
 Beta EEG complexity: The 2 (Feedback Condition: Feedback, No Feedback) x 3 (Scalp Region: 
Frontal, Parietal, Occipital) x 2 (Laterality: Left, Right) x 2 (Group: ASD, TD) repeated measures 
ANOVA that included beta MSE as the dependent variable revealed a main effect of Sensory Condition 
driven by greater beta MSE in the Feedback condition (F(1,25) = 16.78, p < 0.001, ηp2 = 0.402). This 
ANOVA also revealed a significant Scalp Region x Group interaction (F(2,24) = 4.43, p = 0.023, ηp2 = 
0.270) driven by the ASD group having greater beta MSE than the TD group at Parietal (F(1,25) = 6.30, p 
= 0.019, ηp2 = 0.201) and Occipital (F(1,25) = 8.05, p = 0.009, ηp2 = 0.244) scalp regions but not at Frontal 
scalp regions.  There was a significant Sensory Condition by Scalp Region interaction (F(2,25) = 12.24, p 
< 0.001, ηp2 = 0.505) driven by greater beta MSE in the Feedback condition relative to the No Feedback 
condition for Parietal (F(1,25) = 13.48, p = 0.001, ηp2 = 0.350) and Occipital (F(1,25) = 14.13, p = 0.001, 
ηp2 = 0.361) scalp regions but not for the Frontal region. There was a significant Laterality by Scalp 
Region interaction (F(2,24) = 6.44, p = 0.006, ηp2 = 0.349) driven by greater beta MSE in the Occipital 
region than the Parietal region only in the Right hemisphere (t(30) = 2.98, p = 0.006, d = 0.346). 
There was also a significant Group by Sensory Condition by Scalp Region interaction (F(2,24) = 4.55, p = 
0.021, ηp2 = 0.275). This 3-way interaction was driven by greater Condition differences for the ASD 
group than the TD group at Parietal (F(1,25) = 6.30, p = 0.019, ηp2 = 0.201) and Occipital (F(1,25) = 8.05, 
p = 0.009, ηp2 = 0.244) regions only. All follow up analyses reported were corrected for multiple 
comparisons using LSD corrections. These results are depicted in Figure 13. 
 
  53 
 
Figure 12: Alpha Neural Complexity by Group. A) SampEn of the alpha neural signal at each 
timescale for each group (ASD: red, TD: blue) and sensory feedback condition (Feedback: bold 
lines, No Feedback: pale lines) and each scalp region (Row 1: frontal; Row 2: Parietal; Row 3: 
occipital). Error bars represent standard error of the mean. Significant differences between the 
sensory conditions are indicated with s. Significant group differences are indicated with g. B) 
Average alpha MSE across timescales for each group (ASD: red, TD: blue) and sensory condition 
(Feedback: solid bars, No Feedback: empty bars) at each corresponding scalp region. Significant 
group and condition interactions are indicated with *. FB: Feedback; NoFB: No Feedback. 
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Figure 13: Beta Neural Complexity by Group. A) SampEn of the beta neural signal at each 
timescale for each group (ASD: red, TD: blue) and sensory feedback condition (Feedback: bold 
lines, No Feedback: pale lines) and each scalp region (Row 1: frontal; Row 2: Parietal; Row 3: 
occipital). Error bars represent standard error of the mean. Significant differences between the 
sensory conditions are indicated with s. Significant group differences are indicated with g. B) 
Average beta MSE across timescales for each group (ASD: red, TD: blue) and sensory condition 
(Feedback: solid bars, No Feedback: empty bars) at each corresponding scalp region. Significant 
group and condition interactions are indicated with *. FB: Feedback; NoFB: No Feedback. 
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3.3.4 Correlations with Behavioral Assessments 
 
 To examine the relation between the experimental measures and stereotyped behavior in the ASD 
group, we correlated motor performance (RMSE), motor complexity (SampEn), and neural complexity 
(MSE) with the stereotypy subscale of the RBS-R. All correlations were run using data from the parallel 
axis of movement as this was the axis along which target movements were directed. Severity of 
stereotypy was positively correlated with broadband MSE during the Feedback condition (r(13) = 0.570, 
p = 0.026), RMSE for both the Feedback (r(13) = 0.557, p = 0.031) and No Feedback conditions (r(13) = 
0.660, p = 0.007) and negatively correlated with SampEn for both the Feedback (r(13) = -0.566, p = 
0.028) and No Feedback conditions (r(13) = -0.599, p = 0.018). The correlations between stereotypy and 
both RMSE and SampEn are depicted in Figure 14. To test whether these findings were specific to 
stereotypy, we ran post hoc Pearson correlations for the total RBS-R score and the remaining subscale 
scores. The restricted interests subscale of the RBS-R was positively correlated with RMSE for the No 
Feedback condition (r(13) = 0.532, p = 0.041). No other correlations were significant for the RBS-R 
subscales or total score.  
 To assess the relation between the experimental measures and sensory processing behaviors, we 
ran Pearson correlations between the vision and movement domains of the Sensory Profile and motor 
performance, motor complexity, and neural complexity for the ASD and TD groups separately. The ASD 
group showed a positive correlation between the scores from the movement domain of the SP and 
broadband MSE in the No Feedback condition (r(13) = 0.551, p = 0.033). No other correlations between 
the experimental measures and the vision or movement domains reached significance for the ASD group. 
The TD group did not have any significant correlations between the experimental measures and the vision 
or movement domains of the SP.  
  56 
 
 
3.4 Discussion 
 
The present study was designed to test the sensorimotor integration model of stereotyped 
behavior (Shafer et al., 2017) and to examine the hypothesis that diminished sensorimotor integration in 
individuals with ASD may be contributing to reduced complexity of motor output and the manifestation 
of stereotyped behaviors.  
Adult participants with and without ASD performed a stimulus-tracking task in the presence and 
absence of visual feedback while we monitored their position and EEG signal during the task. Contrary to 
Figure 14: Correlations with RBS-R Stereotypy Subscale. Pearson Correlations for the ASD 
group between motor error (RMSE; Row 1) and motor complexity (SampEn; Row 2) for the Parallel 
axes of movement in the Feedback (Column A) and No Feedback (Column B) conditions.  
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our hypothesis, participants with ASD performed similarly to TD participants in terms of both motor 
errors and motor complexity. For both groups significant decreases in motor errors and increases in motor 
complexity were seen in the presence of visual feedback relative to the absence of visual feedback. This 
provides evidence for sensorimotor capability in adults with ASD and indicates that, under explicit 
feedback and instructional conditions, individuals with and ASD are able to integrate visual feedback to 
increase the adaptability of their movements.  
Inconsistent with previous literature (Izawa et al., 2012; Lim et al., 2018, 2017; Marko et al., 
2015; M. W. Mosconi et al., 2015; Matthew W. Mosconi et al., 2013; Schmitt et al., 2014; Shirama et al., 
2016; Takarae et al., 2004; Z. Wang et al., 2015), the ASD group and the TD group performed 
equivalently on the sensorimotor task. Prior studies have demonstrated deficits in sensorimotor 
performance in individuals with ASD. It is possible that our task was not as challenging to the 
sensorimotor system as other sensorimotor task paradigms (e.g., oculomotor tasks, posture tasks) that 
have shown deficits in sensorimotor performance in individuals with ASD (Lim et al., 2018, 2017; S. L. 
Morris et al., 2015a; Matthew W. Mosconi et al., 2013; Schmitt et al., 2014; Shirama et al., 2016; Takarae 
et al., 2004). Additionally, our task explicitly defined that accurate performance required the participants 
to keep the cursor inside of the target. The defined boundaries of movement accuracy in our task differ 
from other sensorimotor paradigms such as posture, gait, and grip force tasks for which participants are 
asked to perform naturalistic movements (e.g., posture) (Lim et al., 2018, 2017; S. L. Morris et al., 
2015a)or accuracy is not defined by specific movement boundaries (e.g., isometric force tasks that 
instruct participants to keep their performance as close to the target as possible but do not define a 
window of accuracy) (M. W. Mosconi et al., 2015; Z. Wang et al., 2015). Having an explicit definition of 
accuracy in our task may aid participants both with and without ASD in performing the task accurately.  
 In the present study, we were able to look at sensory feedback related changes in motor 
performance and complexity in the context of concomitant changes in neural function as measured by 
EEG. Although we did not find group differences in either broadband neural complexity or alpha bands 
neural complexity, analysis of beta band activity did reveal that individuals with ASD had significantly 
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greater neural complexity at parietal and occipital scalp regions than individuals with TD. We selected the 
beta frequency bands as previous studies outside of ASD have demonstrated that activity in this frequency 
band is selective to sensorimotor processing (Lin et al., 2012; McFarland et al., 2000; Mizuhara, 2012) 
and also changes in motor-related neural complexity (Gao et al., 2013; Martínez-Vargas et al., 2014). In 
addition to these group related differences in the complexity of beta band activity, we also found that 
individuals with ASD showed the greatest sensory feedback related effects on beta band complexity in the 
parietal and occipital scalp regions relative to frontal regions. Parietal clusters were chosen based on their 
likelihood of capturing a motor relevant signal and occipital clusters were chosen based on their 
likelihood of capturing a visually relevant signal. The frontal scalp region in this analysis served as a 
control region that was likely less involved in the neural processing of sensory or motor relevant signals. 
Thus, the scalp region specific differences in the complexity of the beta band signal that we found in the 
ASD group provide some evidence that these ASD-related differences reflect alterations in brain network 
activity involved in processing the sensorimotor relevant information available to the participants to 
perform the experimental task. A significant limitation of this EEG approach is that EEG has poor spatial 
resolution and therefore the presumed link between EEG signals measured from parietal and occipital 
scalp region and sensorimotor function can only be inferred indirectly. Offsetting this limitation to some 
extent is the superior temporal resolution afforded by EEG analysis that provides more direct support for 
the presumed link between beta frequency activity and sensorimotor function (Lin et al., 2012; McFarland 
et al., 2000; Mizuhara, 2012). The pattern of ASD-releated increases in the complexity of beta frequency 
band activity in parietal and occipital scalp regions indicates that a greater degree of neural complexity 
was generated by the ASD participants in order to achieve a similar level of motor performance accuracy 
as the TD participants (i.e. the TD participants achieved a similar level of visually-guided motor 
accruarcy at a lower level of neural complexity). Although the directionality of group differences in 
neural complexity was opposite of our hypotheses, and therefore, any interpretation of these results is 
speculative, this finding could be indicative that individuals with ASD are recruiting additional neural 
resources as a compensatory mechanism to process the visual information to adapt their movements and 
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perform sensorimotor tasks accurately. 
The role that increased neural complexity serves during sensorimotor task performance has not 
been previously established. The pattern of increased neural complexity that we observed for the ASD 
group in parietal and occipital scalp regions during our sensorimotor task may index alterations in 
functional connectivity in sensorimotor and visual networks in this group. Previous studies in healthy 
controls have found that neural complexity as measured by MSE is positively associated with functional 
connectivity (Wang et al., 2018), and thus the ASD-related differences in neural complexity during 
sensorimotor task performance that we found may be related to the well-established alterations in 
functional neural connectivity that has been documented in previous neuroimaging studies (Abbott et al., 
2018; Cerliani et al., 2015; Khan et al., 2015; Oldehinkel et al., 2018). Support for this interpretation of 
our neural complexity findings for the ASD group comes from several sources. First, dysfunction of 
sensorimotor circuitry is one of the most prominent findings in whole-brain, large-cohort studies 
volumetric and DTI studies of neural functioning in ASD (Cerliani et al., 2015; Oldehinkel et al., 2018). 
Second, structural and functional abnormalities have also been reported for sensorimotor regions of cortex 
(Abbott et al., 2018; Müller et al., 2003), cerebellum (Catani et al., 2008; Marko et al., 2015), and 
striatum (Abbott et al., 2018; Di Martino et al., 2011; Hollander et al., 2005; Langen et al., 2014, 2007). 
Third, selective atypical connectivity of these discrete networks has been documented from infancy 
through adulthood in ASD (Cerliani et al., 2015; J. D. Lewis et al., 2017; Oldehinkel et al., 2018).  
Previous studies that have used MSE to evaluate neural complexity in individuals with or at risk 
for ASD have found mixed results with some reporting greater neural complexity in individuals with 
ASD (Ghanbari et al., 2015; Takahashi et al., 2016) and others finding reduced neural complexity in ASD 
and at risk infants (Bosl et al., 2011; Catarino et al., 2011; Ghanbari et al., 2015; Liu et al., 2017b). One 
resting-state study in children observed greater MSE in the ASD group specifically at parietal and 
occipital scalp regions, consistent with our findings (Takahashi et al., 2016). However, this study found 
that this difference only occurred in the younger children (3-6yrs) and disappeared in older children 6-
10yrs) due to an age-related increase in MSE in the TD children that did not occur in the ASD group. A 
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separate resting state study in children and adolescents (6-15yrs) looked at MSE for specific frequency 
bands (Ghanbari et al., 2015). This study found reduced parietal and occipital MSE in ASD in the alpha 
band and no group differences for beta MSE, inconsistent with our findings. However, the inconsistencies 
between previous studies and our findings could be due to differences in the age of the participants, the 
differences in task design, or differences in the approach to MSE analyses (e.g., regional vs. whole scalp, 
or broadband vs. specific frequency bands). 
To more directly relate sensorimotor integration and motor complexity to stereotyped behavior in 
individuals with ASD, we correlated motor performance, motor complexity, and neural complexity with 
the severity of the stereotypy phenotype. These analyses revealed that severity of stereotypy in 
individuals with ASD is positively associated with motor error and negatively associated with motor 
complexity in both the presence and absence of visual feedback. This finding was specific to the 
stereotyped behavior subscale of the RBS-R (i.e., was not found for other non-sensorimotor varieties of 
repetitive behavior characteristic of ASD) and is consistent with our hypothesis that stereotyped behavior 
is a manifestation of low complexity in the motor system. The ASD group also demonstrated a positive 
correlation between broadband neural complexity in the visual feedback condition and severity of 
stereotyped behavior, providing further support for a link between clinical manifestations of atypical 
motor behavior and sensorimotor function in persons with ASD. Taken together with the group-level 
results found for ASD motor performance found in this study, these correlational findings for stereotyped 
behavior within the ASD group suggest that impairments in sensorimotor function may be present only in 
a specific subset of persons with ASD marked by the presence or severity of stereotyped behaviors as 
opposed to being present in persons with ASD more generally. This finding is consistent with other ASD 
studies that have found “subgroup” effects (Whitten, Unruh, Shafer, & Bodfish, 2018), and with a 
growing consensus that autism is a heterogeneous condition likely comprised of distinguishable subtypes 
of ASD (Happé & Ronald, 2008; Happé, Ronald, & Plomin, 2006; Lai, Lombardo, Chakrabarti, & Baron-
Cohen, 2013; Whitten et al., 2018). Although the notion of distinct ASD subtypes is receiving increasing 
support in the field, precisely how distinct subgroups of persons with ASD differ from each other in 
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stable ways has yet to be determined. In this light, the present findings of individual differences within the 
ASD sample, if replicated and found to be stable overtime, suggest that objectively measured motor and 
neural indices of sensorimotor function may provide one means of identifying a distinct “sensorimotor” 
subtype within the autism spectrum. 
 We hypothesized that individuals with ASD would have poorer motor performance and decreased 
motor complexity relative to TD individuals based on the presence of stereotyped behavior in the ASD 
population; however, we did not find group differences in motor behavior. This may be due to the fact 
that our ASD group consisted of high-functioning adults who tend to have low rates of motor stereotypy 
than the broader ASD population. Future studies should assess motor performance and motor complexity 
under visual feedback manipulations in younger cohorts and in cohorts that include individuals with more 
severe cases of ASD to further elucidate the potential relation between sensorimotor integration, adaptive 
motor behavior, and stereotypy. Also the EEG methods used in this study have inherently poor spatial 
resolution. This prevented us from identifying the sources or specific neural networks that may be 
contributing to the group and condition differences that we observed in this study. Future studies could 
adapt this sensorimotor task to the functional MRI environment in order to reveal which brain regions are 
involved in performing the task, whether individuals with ASD differ from individuals with TD in the 
brain regions they recruit during the task, and how the activity at these regions differs between groups. 
Finally, our study was limited to manipulating visual feedback to explore visuomotor processing 
differences between individuals with ASD and TD. However, sensorimotor differences in ASD have also 
been observed the proprioceptive domain (Izawa et al., 2012; Marko et al., 2015; S. L. Morris et al., 
2015b), so future work could extend our findings by manipulating both proprioceptive and visual 
feedback during a sensorimotor task to more fully explore sensorimotor differences in ASD.
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Chapter 4 
 
General Discussion 
 
4.1 A novel framework for stereotypy in both typical and atypical development 
 
Stereotyped behavior is one of the diagnostic features of ASD and is generally considered 
maladaptive, but it also occurs at an early stage of motor development in healthy infants. In the present 
body of work, I have proposed a conceptual model that implicates sensorimotor mechanisms to explain 
both pathologic and healthy forms of stereotyped behavior, and I have conducted two empirical studies to 
assess the validity of this conceptual model. The model postulates that inefficient or unreliable 
sensorimotor processing disrupts the transfer of sensory information to the motor system and limits the 
adaptive ability of the motor system to respond to sensory cues and results in movements that are low in 
complexity (i.e., stereotyped). 
 
4.2 Empirical tests of the model 
 
Study 1 assessed the role of visual feedback on motor performance, motor complexity, and 
sensorimotor neural complexity during a stimulus-tracking task in typically developing individuals. In 
study 2, a group of adults with ASD was compared to TD controls on the effect of visual feedback on 
motor performance, motor complexity, and sensorimotor neural complexity on the same sensorimotor 
task used in Study 1. Study 2 also compared the experimental measures from the sensorimotor task to 
behavioral features of ASD, specifically stereotyped behavior. 
The conceptual model brings together literature from stereotyped behavior and sensorimotor 
integration in typical motor development and the literatures on stereotyped behavior and sensorimotor 
  63 
deficits in ASD and other neurologic and neurodevelopmental disorders. Typically developing infants 
express stereotyped motor behavior before one year of age (Thelen, 1979). These behaviors have simple 
(low complexity) kinematics (Konczak et al., 1995; Thelen & Cooke, 1987; Thelen et al., 1993; Thelen & 
Fisher, 1983b). As infants develop, these stereotyped behaviors transition into more kinematically 
complex, goal-directed movements. Motor complexity continues to increase across development (Deutsch 
& Newell, 2001, 2002, 2003). Additional studies have demonstrated that rates of stereotyped behavior 
and the complexity of movement in healthy infants relates to their exposure to sensory stimuli (Thelen, 
1980, 1986), and studies in older children have also demonstrated that in the absence of visual feedback 
during sustained movement reduces motor complexity relative to when visual feedback is provided 
(Deutsch & Newell, 2001, 2002, 2003). The conceptual model posits that stereotypy in healthy infants 
occurs when the sensorimotor systems in the brain are immature and infants have had limited 
sensorimotor experiences, limiting their ability to integrate sensory feedback with motor output resulting 
in low complexity, stereotyped movements. As the infants mature and gain experience, they are better 
able to integrate sensory feedback with motor output and generate complex, adaptive behavior.  
Consistent with this model, and in keeping with previous studies, in Study 1 withholding visual 
feedback resulted in reduced motor performance and reduced motor complexity during the stimulus-
tracking task compared to when visual feedback was provided. The neural complexity results paralleled 
the motor complexity results, with reduced complexity when visual feedback was withheld. This was 
most robust in alpha and beta frequency bands at central, parietal, and occipital scalp regions, which is 
consistent with sensorimotor processing. These findings support the role of sensorimotor integration in 
the expression of complex, controlled movement and indicate that low-complexity movements can be 
induced by manipulating access to sensory feedback in healthy individuals. Importantly, the findings in 
the TD group from Study 2 also provided a replication of these results from Study 1 in an independent 
sample, thus further verifying that visual feedback increases motor performance, motor complexity, and 
sensorimotor neural complexity in TD individuals. 
Clinical populations that express stereotyped behavior often also demonstrate deficits in 
  64 
sensorimotor processing (Lencer et al., 2010; S. L. Morris et al., 2015b; Nebel et al., 2015; Quednow et 
al., 2008; Takarae et al., 2004; Z. Wang et al., 2015). In ASD, sensory and motor signs precede the onset 
of the core social/communication deficits and repetitive behaviors (Sacrey et al., 2015). Sensorimotor 
deficits are also some of the most robust findings in large-cohort brain imaging studies in ASD (Cerliani 
et al., 2015; Oldehinkel et al., 2018). These findings indicate that sensorimotor dysfunction may play an 
important role in the ASD phenotype. The conceptual model posits that in clinical conditions, such as 
ASD, that express stereotyped behavior, the sensorimotor system is disrupted, either because of abnormal 
development or because there has been an insult to the system. This results in unreliable signaling 
between the sensory and motor systems, limiting the ability to use sensory feedback to generate complex, 
controlled movements, resulting in the expression of stereotyped behavior. Supporting the model, one 
postural control study demonstrated that individuals with ASD have reduced motor complexity relative to 
TD controls when visual feedback was available, but both groups showed low motor complexity when 
visual feedback was not provided, indicating that while the TD individuals were able to use the visual 
feedback to increase the complexity of their movement; whereas, the individuals with ASD were not (Lim 
et al., 2017).  
Additionally, previous studies from our lab have demonstrated that individuals with 
neurodevelopmental disabilities who have high rates of stereotyped behavior demonstrate reduced motor 
complexity during postural sway tasks relative to TD individuals l(Bodfish et al., 2001; Hong et al., 
2006a; Newell & Bodfish, 2007; Newell et al., 1999). While these studies did not manipulate sensory 
feedback, they do support a relation between stereotypy and motor complexity. Study 2 aimed to provide 
a more direct test of the role of sensorimotor integration on motor control and its relation to stereotyped 
behavior in ASD.  
The results of Study 2 indicated that the pattern of both motor errors and motor complexity did 
not differ between groups regardless of sensory condition; however, both groups demonstrated improved 
motor performance and reduced motor complexity when visual feedback was available. Further, the ASD 
group demonstrated greater neural complexity and greater differences between feedback conditions than 
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individuals with TD, specifically in the beta frequency band at parietal and occipital scalp regions which 
are more circumscribed aspects of the broadband EEG signal that have been used to index sensorimotor 
function in previous studies. These EEG findings support the sensorimotor model of ASD developed to 
guide this work and indicate differences in sensorimotor processing in individuals with ASD at the level 
of neural functioning. The increased neural complexity observed at parietal and occipital scalp regions in 
the ASD group relative to the TD group could indicate that individuals with ASD are using compensatory 
sensorimotor mechanisms (e.g., recruiting additional neural resources) to increase their motor complexity 
and perform the task accurately.  
 Motor performance, motor complexity, and neural complexity were also associated with stereotyped 
behavior in the ASD group. Lower performance and lower motor complexity corresponded to more 
severe stereotyped behavior, consistent with the conceptual model. Higher neural complexity was also 
associated with more severe stereotypy. Given that the ASD group had greater neural complexity than the 
TD group, likely due to compensatory neural processing, this finding is suggestive that greater deficits in 
sensorimotor neural processing correspond with more severe stereotyped behavior. These findings were 
specific to stereotypy, as other types of repetitive behavior in ASD were not significantly related to the 
experimental measures further supporting that stereotypy manifests when complexity in the motor system 
is low.  
 
4.3 Conclusions, implications, and future directions 
 
Research in healthy development indicate that as an individual develops the ability to integrate 
sensory information with motor output, the motor behavior becomes more complex, permitting the 
individual to adapt movements to the environmental context. This occurs in healthy infants when they 
transition from stereotyped movements to complex, goal-directed behavior, which are mediated by their 
ability to predict and learn from the sensory consequences of their movements. The development of 
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complex motor behavior through sensorimotor integration in healthy development provides a mechanistic 
framework for understanding motor stereotypy in clinical populations with known sensory and motor 
abnormalities.  
Traditionally, stereotyped motor behavior is associated with basal ganglia dysfunction, but the 
sensory influence on motor complexity and the relation of motor complexity to motor stereotypy in 
normative development implicates that sensorimotor cortex dysfunction may play a role in the presence of 
stereotyped motor behavior in clinical populations. Neural circuitry supporting sensorimotor integration 
links basal ganglia to sensorimotor cortex via corticostriatal connections, indicating that insults to basal 
ganglia likely impact the function of sensorimotor cortex. Future research should explore the role of 
sensorimotor cortex in the expression of motor stereotypy and whether basal ganglia dysfunction disrupts 
normal function in the sensorimotor cortex contributing to the expression of stereotyped motor behavior. 
The proposed framework that implicates sensorimotor integration in the complexity and adaptability 
of the motor output and the manifestation of stereotyped behavior provides opportunities for studying 
stereotyped behavior in clinical disorders and identifying individuals at risk for developing motor 
stereotypy. Motor complexity can be measured and manipulated under a variety of sensory feedback 
conditions and concurrently with task performance and neural function as was done in Studies 1 and 2. 
This provides the means to assess the integrity of the sensorimotor systems in individuals with 
stereotyped behaviors at both a neural and behavioral level. Motor complexity can also be measured on a 
relatively short timescale with minimal task constraints (e.g. postural tasks) making it accessible for 
studying motor complexity in early human development and generalizable for studying animal models of 
motor stereotypy. Given its accessibility for use in infants, assessments of motor complexity can also be 
used to clinically screen and identify individuals who are at risk for developing motor stereotypy and the 
disorders associated with them, providing opportunities to intervene with therapy approaches aimed at 
increasing complexity in the motor system before symptoms manifest. 
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